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Major Field: PHYSICS
Abstract: The Standard Model (SM) of particle physics, in spite of being spectacularly successful in describ-
ing the low-energy physics, cannot be a complete theory of Nature. There are strong theoretical as well as
experimental indications for the existence of new physics above or below the electroweak scale. For example,
it is unable to explain certain observed phenomena such as the strong hierarchical pattern seen in the fermion
masses and mixings, the origin of neutrino masses and mixings, an understanding of dark matter and the origin
of the asymmetry between matter and antimatter in the Universe. Fundamental understanding of these phe-
nomena demands physics Beyond the Standard Model (BSM). The main hurdle for us is to understand what
exactly lies beyond the SM which could resolve some of the shortcomings of the SM, while being consistent with
the existing low-energy data. Construction of such theories with new physics beyond the Standard Model to
incorporate some of its unexplained phenomena and confronting them with the experiments is the main thrust
of my dissertation.
After reviewing the basic tenets of the SM, several BSM scenarios that alleviate these shortcomings are investi-
gated. Various well motivated new models have been proposed to shed light on some of the unresolved puzzles of
fundamental physics posed by the SM. Emphasis is placed on the study of confronting neutrino mass generation
mechanism with the experimental probes and to develop the Higgs bosons as a tool of searching for new physics.
Each model has its own distinctive features and diverse phenomenological consequences. Observation prospects
and discovery potentials of these models at current and future collider and neutrino experiments are quantified.
This thesis depicts an endeavor to shed light on BSM physics with the new physics scale ranging from MeV to
TeV scale having testable signals at the colliders as well as at the neutrino experiments.
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CHAPTER I
INTRODUCTION
In our Universe, all the macroscopic forms of matter can be traced back to a basic building block of Nature 
interacting by four fundamental forces: strong(or nuclear), electromagnetic, weak and gravitational. The Stan-
dard Model (SM) of particle physics [1–3] is a highly successful theory to describe all the interactions between 
these fundamental constituents of Nature at the quantum level, except gravity (which is yet to be properly 
formulated as a quantum phenomenon). Many major discoveries were made in the past six decades in the field 
of elementary particle physics culminating with the observation [4, 5] of the Higgs boson in 2012 at the Large 
Hadron Collider (LHC) in Geneva, Switzerland. These discoveries attest to the tremendous success of the SM 
of particle physics. Now the SM serves as the starting point in the study of elementary particle physics since it 
explains most of the experimentally observed phenomena with high accuracy. Despite this paramount success, 
SM is not complete in its current form. There are strong conceptual as well as experimental indications for 
the existence of new physics and fundamental understanding of these phenomena demands physics Beyond the
Figure 1.1: Standard Model: Particle content and interactions
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Standard Model (BSM) and much of the current research in elementary particle physics is devoted to exploring
this new territory.
In this chapter, we will briefly review the main features of the SM, and discuss the main reasons for going
beyond this minimal framework.This will also be the starting point for us in building the BSM framework in
order to address some of the issues raised here.
1.1 The Standard Model
Field Content SU(3)C × SU(2)L × U(1)Y
Matter
u
d

L
∼ (3, 2, 13 ), uR ∼ (3, 1, 43 ), dR ∼ (3, 1,− 23 )
νe
e

L
∼ (1, 2,−1), eR ∼ (1, 1,−2)
Gauge Gµa,a=1−8, A
µ
i,i=1−3, B
µ
Higgs H ≡
φ+
φ0
 ∼ (1, 2, 1)
Table 1.1: Matter, gauge and Higgs contents of the SM.
1.1.1 Gauge symmetries
The Standard Model (SM) emerged in the early seventies [1–3] is a non-Abelian Yang-Mills gauge theory [6]
based on the gauge group (GSM ):
GSM = SU(3)C × SU(2)L × U(1)Y (1.1.1)
, where the conserved charge of the first symmetry is color, the second is weak isospin and the third is hyper-
charge, and each group corresponds to a characteristic coupling strength: gs, gL and gY are the gauge couplings
of the three groups SU(3)c, SU(2)L and U(1)Y respectively. GSM (SU(3)C×SU(2)L×U(1)Y ) is spontaneously
broken into the group GBR by a complex scalar field:
GBR = SU(3)C × U(1)em, (1.1.2)
while the color sector SU(3)c remains unbroken.
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The generators of the symmetry groups SU(3)c and SU(2)L (Y is an operator proportional to the identity)
are Hermitian operators and obey to the commutation relations:
[T sa , T
s
b ] = if
abc
s T
s
c and [T
L
a , T
L
b ] = if
abc
L T
L
c , (1.1.3)
respectively. Above, fabcs and fabcL (== 
abc) are the structure constants of the SU(3)c and SU(2)L groups
respectively.abc is the anti-symmetric Levi-Civita tensor. The generators of non-Abelian group SU(2)L are
in fact equivalent to the three 2 × 2 Pauli matrices: τa/2, whereas he generators of the group SU(3)C are
equivalent to the eight 3× 3 Gell-Mann matrices: λa/2.
A distinct vector fieldXµ = Gµ,Wµ or Bµ (all massless at this stage) is associated to each of these symmetries
satisfying the gauge transformations:
Xµ → X ′µ = UXµU−1 −
1
ig
U∂µU
−1 , U = exp{iχ(x)} , (1.1.4)
where g = gs, gL or gY , Xµ ≡ XaµTa, χ ≡ χaTa and χ(x) denotes gauge function. Under these gauge
transformations, Gµνa ,Wµνa and B
µν
Y transform as F
µν → UFµνU−1, where Gµνa ,Wµνa and BµνY are defined as:
Gµνa = ∂
µGaν − ∂νGaµ + gsfabcs GbµGcν , (1.1.5)
Wµνa = ∂
µW aν − ∂νW aµ + gLfabcL W bµW cν , (1.1.6)
BµνY = ∂
µBν − ∂νBµ , (1.1.7)
Therefore, the gauge invariant Yang-Mills Lagrangian involving gauge bosons can be written as:
Lgauge = −1
4
Gµνa Gaµν −
1
4
Wµνa Waµν −
1
4
BµνY BY µν , (1.1.8)
where a runs over the total number of generators. It is needless to mention that there are self-interactions
between the gauge fields Wµ and Gµ, leading to triple and quartic gauge boson couplings because of the non-
Abelian nature of the SU(2) and SU(3) groups. A strong evidence for the underlying gauge structure of the SM
is provided by the precision measurements of these couplings.
1.1.2 Matter fields
In the SM, the elementary building blocks of matter consist of fermions (spin-half particles), called quarks
and leptons. which is made of three copies or generations. The left- and right-handed components of quark
and lepton fields are designated to different representations of the electroweak gauge group in order to have
the experimentally determined chiral structure for the weak interactions. The left-handed (LH) fermions fL(=
1
2 (1− γ5)f) are part of weak iso-doublets, while the right-handed (RH) fermions fR(= 12 (1 + γ5)f) are part of
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weak iso-singlets. The electric charge operator Qem of the fermions can be expressed as Qem = I3 + Y2 , where
I3 is the weak isospin and Y is the U(1)Y hypercharge. The following quark and lepton fields are the matter
content of the SM:
left-handed quarks: QL =
uL
dL
 = (3,2, 1/3) ,
right-handed quarks: uR = (3,1, 4/3) , dR = (3,1,−2/3) ,
left-handed leptons: LL =
νL
`L
 = (1,2,−1) ,
right-handed leptons: `R = (1,1,−2) ,
The gauge quantum numbers of the SM fermion fields are summarized here and the hypercharge Y is chosen for
left and right-handed chiralities judiciously such that charged leptons ` carry electric charge Q = −1, neutral
leptons ν with no electric charge, up-type quarks u have electric charge Q = +2/3 and down-type quarks d
have electric charge Q = −1/3. It is very clear that the cancellation of chiral anomalies within each generation
is ensured for these quantum number assignments of fermions, and thus, preserving the renormalizability of the
electroweak theory.
The Lagrangian term involving gauge bosons and matter fermions is given by:
Lmatter = f¯ iγµDµf . (1.1.9)
Here the covariant derivative Dµ includes the gauge transformations of the fermionic fields:
Dµ = ∂µ − i(gsGaµT sa + gLW aµTLa + gYBµY/2) , (1.1.10)
where γµ are 4 × 4 matrices obeying the Dirac algebra {γµ, γν} = 2gµν14×4 , T sa and TLa are the SU(3)c and
SU(2)L symmetry group generators.
It is important to mention that the mass term −mf¯f = −m(fRfL + h.c.) is forbidden in the Lagrangian
as this combination is not gauge invariant. Due to the fact that the left-chiral and right-chiral fields behave
differently under the SM gauge group, the SM is a chiral theory. While the local symmetries SU(2)L × U(1)Y
are (spontaneously) broken to U(1)em at low energies, a mass term is compatible with the remaining symmetry.
Later we will show that the mechanism that generates the fermion masses, is also responsible for generating
gauge boson masses.
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Figure 1.2: Prototypical Mexican hat potential that corresponds to spontaneous symmetry breaking. A
randomly chosen point around the bottom of the brim of the hat describes the vacuum, i.e., the lowest-energy
state.
1.1.3 EW symmetry breaking
Making consistent with the local gauge invariance, the fermion and gauge boson masses are generated by
the Higgs mechanism of spontaneous symmetry breaking [7]. A complex scalar field φ is introduced in this
mechanism to implement symmetry breaking in the SM and a further piece of invariant terms are added to the
SM Lagrangian:
LHiggs = (Dµφ)†(Dµφ)− V (φ), (1.1.11)
where the most general gauge invariant renormalizable potential V (φ) is given by:
V (φ) = −1
2
µ2φ†φ+
1
2
λ(φ†φ)2. (1.1.12)
The following quantum numbers are assigned for the scalar field φ:
φ = (1,2, 1) , (1.1.13)
i.e. a colourless weak isodoublet.
If µ2 > 0, the neutral component of the doublet field φ acquires a vacuum expectation value (VEV):
〈φ〉 = 1√
2
0
v
 , with v = (2µ2/λ)1/2 (1.1.14)
Although a complex VEV can be chosen, its phase can be eliminated by a by a global phase shifting
φ→ eiαφ and which does not introduce a source of CP violation in the SM. After acquiring the non-zero VEV,
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the electroweak symmetry SU(2)L×U(1)Y is spontaneously broken to U(1)em. Three linear combination of the
electroweak gauge fields absorb three of the four degrees of freedom of the doublet scalar field φ in order to form
their longitudinal polarization and to acquire masses and these three massive modes are identified as theW± and
Z vector bosons which mediate the weak interaction. Still, the fourth field associated with the unbroken U(1)
symmetry remains massless and this is identified as the photon (A) which mediate electromagnetic interaction.
The physical fields are written as:
W±µ =
W 1µ ∓ iW 2µ√
2
, Zµ =
gLW
3
µ − gYBµ√
g2L + g
2
Y
, Aµ =
gLW
3
µ + gYBµ√
g2L + g
2
Y
(1.1.15)
with the masses given by:
mW± =
gLv
2
, mZ =
√
g2L + g
2
Y v
2
, mA = 0. (1.1.16)
While the three degrees of freedom of the doublet scalar field φ are absorbed by the gauge fields, fourth or
the remaining degree of freedom is identified as the Higgs boson (h). Now, in unitary gauge we can express φ
as:
φ(x) =
1√
2
 0
v + h(x)
 (1.1.17)
and now expanding the scalar potential we can get a massive scalar field, Higgs boson and its mass can be read
off as:
mh =
√
2µ =
√
λv. (1.1.18)
It is interesting to notice that the mechanism we are discussing, leading to the spontaneous breaking of gauge
symmetries, also dictates the fermion mass generation by introducing following Yukawa interaction Lagrangian.
LY ukawa = −(QiLYdijφdRj +QiLYuij φ˜uRj + LiLYlijφlRj ) + h.c. (1.1.19)
where φ˜ = iτ2φ? and Yuij , Ydij , Ylij represent 3 × 3 up type, down type and leptonic Yukawa matrices over
generation indices and these matrices can be diagonalized by the bi-unitary transformation. When Higgs field
gets non-zero VEV, one can obtain the following mass matrices for the fermions.
Muij =
v√
2
Yuij ,Mdij =
v√
2
Ydij and Mlij =
v√
2
Ylij . (1.1.20)
Since there is no right-handed counterpart of the neutrinos in the SM, neutrino gets exactly zero mass in the
SM.
To summarize the full SM, all the ingredients of the Lagrangian are gathered. The complete Lagrangian for
the full SM theory is described by
LSM = Lgauge + Lscalar + Lmatter + LY ukawa , (1.1.21)
where the individual terms are already defined previously.
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1.2 Why beyond the SM?
Despite all the successes of the SM, we do not accept that the SM might is the ultimate theory of the nature.
The SM leaves many fundamental questions unanswered. There are strong experimental evidences as well as
theoretical motivations that the SM is just a low-energy effective field theory and there must exist some new
physics beyond the SM. Thus before investigating the physics of BSM, one needs to know the most important
demerits of the SM.
The major theoretical motivations and experimental evidences for the BSM physics are summarized here:
1.2.1 Neutrino masses and mixing:
One of the most surprising experimental results of the last decades has been the discovery of tiny neutrino
masses and relatively large neutrino mixings.
In the late sixties, by observing a deficit in the flux of solar neutrinos Homestake Experiment first detected
the effects of neutrino oscillation [8]. After that numerous experiments with solar, atmospheric, reactor and
accelerator neutrinos have provided definitive evidences of neutrino flavor oscillations and a comprehensive
picture began to emerge [9–12]. Neutrino oscillation phenomena occurs when a neutrino with a specific lepton
flavor can be later detected to have a different flavor while it propagates through space due to the non-zero
neutrino masses and mixings. All the existing neutrino oscillation data can be elucidated in a minimal three-
flavor basis which is consistent with the LEP measurement for the number of light neutrino species, Nν =
2.9840±0.0082 [13]. The mass eigenstates are the free particle solutions to the wave equation and will be taken
to propagate as plane waves. Now, the lepton flavor eigenstates of neutrinos (νe, νµ, ντ ) can be represented as
the linear combinations of the mass eigenstates of neutrinos (ν1, ν2, ν3):
ν`L(x) =
∑
j
U`jνjL(x); ` = e, µ, τ (1.2.22)
where U is the 3 × 3 unitary neutrino mixing matrix, also known as the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [14]. This can be parameterized by three Euler angles and a phase, but there are two additional
phases if the neutrinos are Majorana particle [15]:
UPMNS =

c12c13 c12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12c23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


1 0 0
0 e−iρ1 0
0 0 e−iρ2
 , (1.2.23)
where cij = cos θij , sij = sin θij , δ is the Dirac CP phase, and ρ1 and ρ2 are the Majorana CP phases. Thus
additional seven (nine for Majorana case) parameters, namely the three neutrino masses, three mixing angles,
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and one (three) CP-violating phases, are introduced in addition to those in the SM. Some of these parameters,
namely the two mass-squared differences, ∆m221 and | ∆m231 |, the solar and atmospheric mixing angles θ12 and
θ23, and the reactor mixing angle θ13 can be determined using neutrino oscillation data. The best-fit values and
3σ ranges of oscillation parameters, are tabulated in Table 10.2.
Oscillation parameter Best-fit 3σ range
∆m221 [10
−5 eV2] 7.50 7.02→ 8.09
∆m23l [10
−3 eV2]
2.457 [NH] 2.317→ 2.607 [NH]
-2.449 [IH] −2.590→ −2.307 [IH]
sin2 θ12 0.304 0.270→ 0.344
sin2 θ23
0.452 [NH] 0.382→ 0.643 [NH]
0.579 [IH] 0.389→ 0.644 [IH]
sin2 θ13
0.0218 [NH] 0.0186→ 0.0250 [NH]
0.0219 [IH] 0.0188→ 0.0251 [IH]
δ
0.85pi [NH]
0→ 2pi
0.71pi [IH]
Table 1.2: The 3σ ranges of neutrino oscillation parameters, extracted from the global analysis of [629]. Please
note that ∆m23l ≡ ∆m232 > 0 for NH and ∆m23l ≡ ∆m231 < 0 for IH.
Neutrino experiments are still insensitive to the sign of ∆m231 and hence two possibilities of hierarchy exist.
Normal hierarchy refers to the scenario where m1 < m2 < m3 and inverted hierarchy refers to the one for which
m3 < m1 < m2.
In the SM, neutrinos have exactly zero mass. This is a consequence of the Standard Model containing only
left-handed neutrinos. It is impossible to add a renormalizable mass term to the SM due to the absence of
suitable right-handed partner. A natural explanation of the remarkable smallness but non-vanishing nature of
neutrino masses and large neutrino mixing demands new physics beyond the SM.
1.2.2 Dark Matter and Dark Energy:
The existence of the Dark Matter (DM) has been confirmed by various overwhelming astrophysical and cosmo-
logical evidences. It turns out that DM makes up about 26.8% of the universe, whereas 68.3% of the universe is
8
dark energy and the rest - everything on Earth, all normal matter - adds up to less than 4.9% of the universe [16].
The observation of flat galaxy rotation curves [17] of stars orbiting their galaxies cannot be explained with
just ordinary baryonic matter and it is still the most convincing evidence of DM. This astronomical observation
disclosed that rotational velocities of the stars specially at the outer rims of the galaxies are much higher than
one would expect if they were only affected by the gravitational force of other visible objects. This can be
explained by the existence of a dark halo with a mass density which falls with a inverse square law upto certain
distance. Observation of the matter distribution of the Bullet Cluster [18] using gravitational lensing is also a
compelling evidence for the existence of DM. The precise measurements of the Cosmic Microwave Anisotropy
(CMB) anisotropy and of spatial distribution of galaxies yield the DM and the baryonic matter density
ΩDMh
2 ∼ 0.1198± 0.0015 (1.2.24)
ΩBMh
2 ∼ 0.02226± 0.00023. (1.2.25)
where h is the Hubble constant in units of 100km/(s.Mpc). Moreover, analyses of structure formation in the
universe imply that most of the DM should be non-relativistic [19]. All these arguments and observations rule
out the possibility of DM within the SM of particle physics as it lacks any candidate for such (dark) matter.
must consider beyond SM scenarios for viable DM candidates and we have to consider beyond SM scenarios for
viable DM candidates.
1.2.3 Matter-antimatter Asymmetry:
The matter-antimatter asymmetry of the universe is another mystery which can not be explained within the
SM. The universe is populated exclusively with matter rather than antimatter. The asymmetry between matter
and antimatter is generally characterized in terms of the baryon-to-photon ratio ηB = (nB − nB¯/nγ), where
nB and nB¯ are the number density of baryons and anti-baryons respectively and nγ is the number density
of photons in the universe. Using the abundance of light elements in Big Bang Nucleosynthesis (BBN) this
baryon-to-photon ratio was determined [20]. Now, Wilkinson Microwave Anisotropy Probe (WMAP) precisely
measure the value of ηB [21]:
ηB = (6.19± 0.15)× 10−10 (68%C.L.) (1.2.26)
The “Baryogenesis" mechanism could dynamically produce this non-zero baryon asymmetry starting from a
baryon-symmetric universe. Three necessary conditions are required to accommodate successful baryogenesis,
known as the Sakharov conditions [22], that are: (i) baryon number violation, (ii) C and CP violation and
(iii) deviation from thermal equilibrium. There is not enough CP-violation within the SM and that can not
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incorporate the observed baryon asymmetry of the universe. Hence, new source of CP-violation is needed which
demands new physics beyond the SM.
1.2.4 Strong CP problem:
The Strong CP problem is in some sense both one of the most and least robust problems of the standard
model(SM) since there is no anthropic solution. The CP-symmetry violation in weak sector has been experi-
mentally observed in the neutral K and B meson systems. One can expect such CP violation in the strong
sector too. The Standard Model should contain a Lagrangian term Lθ that breaks CP symmetry relating matter
to antimatter, in the strong interaction sector and is given by:
Lθ = θg
2
S
32pi2
GaµνG˜
aµν (1.2.27)
where G˜aµν = 12 
µναβ Gaαβ is the field strength for the gluon. The physically observable parameter θ is a
combination of the phases of the quark masses and θ. It is expressed as:
θ = θ + Arg[Det(Mq)] (1.2.28)
where Mq is the quark mass matrix.
Since, it can contribute to the neutron electric dipole moment, the most stringent bound on the value of
θ is dictated by the neutron electric dipole moment experiment which says θ < 10−10 [23] [24]. However, a
dimensionless parameter appearing in the SM Lagrangian could naturally be of the order one. The problem
why θ is so small is known as Strong CP problem. The lack of explanation of the apparent minuscule value of
the θ parameter demands new physics beyond the SM.
1.2.5 Naturalness Problem:
The relative smallness of the electroweak symmetry breaking scale v ∼ 1/√GF ∼ 102 GeV compared to the
natural scale in the theory, i.e., the Planck scale MPl ∼ 1019 GeV, can not be addressed by the SM. This is
known as “hierarchy problem". Moreover, this becomes worse for the Higgs boson mass in the SM due to the
quantum correction which is quadratically divergent with respect to the cut-off scale Λ:
m2h(physical) = m
2
h(tree) + ∆m
2
h, where ∆m
2
h ∼
λ2
16pi2
Λ2. (1.2.29)
If the SM is valid all the way upto the Planck scale, the tree level mass term has to be fine tuned to 1 part in
1028 to cancel the effect of the large radiative correction ∆m2h to yield a physical Higgs mass at the weak scale
and to prevent it from being pulled up to Λ = MPl. This is technically unnatural and named as “naturalness
problem" in the SM. This can be addressed by making the cut-off scale slightly above the electroweak scale,
i.e., Λ ∼ TeV. It indicates that there should be new degrees of freedom that manifest themselves at this scale.
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1.2.6 Grand Unification:
There is a problem of trying to understand the strong and electroweak interactions in the SM as different
manifestations of a single underlying force, thus unifying the three coupling strengths at a higher energy scale
known as the Grand Unified Theory (GUT) scale. The SM field content does not lead to the unification of
the three gauge couplings at high energy. This demands a theory with a larger group with additional particle
content or new physics containing the Standard model as a subgroup which will modify the running of the
couplings to make the unification exact.
1.2.7 Flavor Puzzle:
In SM Lagrangian, there are 19 free parameters among which two of them belong to the Higgs sector, the three
gauge couplings correspond to the gauge sector and the remaining fourteen of them (six quark masses, three
charged lepton masses, three quark mixing angles, one weak CP violating phase, one strong CP violating term)
deal with the masses and mixings of the quarks and leptons. If neutrino oscillations are incorporated, nine more
parameters (three neutrino masses, three mixing angles and three CP violating phases) should be introduced.
This is the flavor structure of the SM. Due to this enormous freedom available in the Yukawa sector, the SM is
completely unable to provide any insight into the hierarchies among fermion masses and mixing angles. There
appears to be a hierarchy between the fermion mass scales, ranging from 0.5 MeV to about 200 GeV, and it
becomes worse while the neutrino masses are included (< eV). This lack of understanding regarding the number
of generations of fermions and the strong hierarchy between the fermion masses and mixings is often referred
to “flavor puzzle".
1.2.8 Anomalies:
In addition to these major experimental evidences for physics beyond SM, there are experimental “anomalies"
that do not agree with the SM predictions and demand new physics beyond the SM. At present, the most
persistent ones are: (i) the muon anomalous magnetic moment which disagrees with the SM prediction at 3.4σ
level [20] , (ii) MiniBooNE anomaly [25] revealing that the excess of electron-like events in the experiment
consistently observed in the neutrino and antineutrino modes with 4.8σ effect, (iii) The experimental values of
RD and R?D measurements exceed the SM expectations by 2.3 and 3.0 standard deviations (σ), respectively, for
a resulting combined tension with the SM of about 3.8σ [26] and (iv) the experimental values of RK and R?K
measurements exceed the SM expectations by 2.6 and 2.4 standard deviations (σ) respectively [27].
These are some clear hints that the SM is not a complete theory and demand for new physics for better
understanding of the nature.
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1.3 Organisation of this Dissertation
The purpose of this dissertation is to shed light on some of the unresolved puzzles of fundamental physics posed
by the SM. Particular attention is paid to neutrino and Higgs physics. The plan of the thesis is as follows:
(a) The first direction is proposing various well motivated new models to resolve some of the shortcomings
of the SM. In chapter 2, we adopt a non-trivial approach, which is given by the generation of small neutrino
masses from effective operators higher than dimension five and which open new possibilities for low scale seesaw
mechanisms. The minimal number of dark fields are introduced to obtain an anomaly free theory with spon-
taneous breaking of the dark symmetry, and obtain automatically the inverse seesaw Lagrangian. In addition,
the so-called µ−term of the inverse seesaw is dynamically generated and technically natural in this framework.
In chapter 3, we have shown that new particles responsible for inducing lepton number violating interactions
in models of radiative Majorana neutrino masses generate observable neutrino nonstandard interactions (NSI)
with matter. We classify radiative models as type-I or II, with type-I models containing at least one Standard
Model (SM) particle inside the loop diagram generating neutrino mass, and type-II models having no SM par-
ticle inside the loop. While type-II radiative models do not generate NSI at tree-level, popular models which
fall under the type-I category are shown, somewhat surprisingly, to generate observable NSI at tree-level, while
being consistent with direct and indirect constraints from colliders, electroweak precision data and charged
lepton flavor violation (cLFV). Then, in chapter 4, minimal realizations of generating Dirac neutrino masses
have been proposed in the context of a right-handed abelian gauge extension of the SM without imposing ad
hoc discrete symmetries. We also propose a framework in chapter 5 to bring both the issues of neutrino masses
and dark matter together under one umbrella with a minimal possible extension of the SM. We have analyzed
the possibility of having a viable DM as a EW scalar singlet S, that connects to SM via Higgs portal coupling in
a framework that also cater to neutrino mass generation through the presence of a EW quadruplet, ∆, and two
EW triplet leptons Σ and Σ¯. This phenomena can be generalized by postulating whenever there is an additional
channel for the DM to annihilate, but that doesn’t give a contribution to direct search experiments for that
DM, one can eliminate the stringent direct search constraints coming from non-observations of DM in terres-
trial experiments. The particular model we have proposed, has an additional motivation of explaining neutrino
masses and the additional DM interaction naturally fits into the model framework with minimal assumptions.
(b) The second direction is confronting neutrino mass generation mechanism at current and future collider
and neutrino experiments. In chapter 6, we present a new novel framework, emerged from neutrino mass
generation mechanism, which provides an explanation to the long-standing excess of electron-like events in the
MiniBooNE experiment at Fermilab. Then in chapter 7, the prospect to probe the type I seesaw neutrino mass
generation mechanism has been analyzed by looking at right handed neutrino with displaced vertex signature
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at the collider experiments. We also try to explore the prospect to discover the neutrino mass generation
mechanism at the lepton collider. The probe of right handed neutrinos behind the neutrino mass generation
mechanism is scrutinized at the LHeC and lepton colliders also using fat jet signatures in chapter 8. In chapter
9 and chapter 10, the signatures of the Higgs sector of a dimension-7 neutrino mass generation mechanism have
been investigated at the high energy colliders. Observation prospects and discovery potentials of this model at
current and future collider experiment are quantified.
(c) The third direction is to study the Higgs physics which can be used as a gateway to new physics. In
chapter 11, we have considered effective six dimensional operators, and their effects on the Higgs productions
and decays to estimate the new physics scale and have made an investigation on the effect of these operators
for the single Higgs productions, and the corresponding µtt¯h, as well as di-Higgs signals at the LHC. In chapter
12, enhanced tt¯h and hh production in the context of the Two Higgs Doublet model has also been investigated.
We present a novel framework that treats both the two Higgs doublets on equal footing, each with comparable
Yukawa couplings to fermions. While the Cheng-Sher ansatz for multi-Higgs doublet model is shown to be
strongly disfavored by current experiments, a new ansatz for the Yukawa couplings of the second Higgs doublets
has been proposed. In chapter 13, we have shown that the photon fusion process, which has been neglected
in the experimental analyses thus far, contributes to the pair production of doubly charged Higgs bosons at
the LHC at a level comparable to the Drell-Yan production process. We focused on the most spectacular four
lepton final state originating from the decays of the doubly charged Higgs boson into same sign lepton pairs.
These channels not only lead to remarkably background-free signatures of the doubly charged scalars, but they
also demonstrate a crucial link between observations at high energy colliders and widely discussed mechanisms
of neutrino mass generation.
Then, we conclude in chapter 14.
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CHAPTER  II
NEUTRINO MASSES AND MIXINGS DYNAMICALLY GENERATED BY A LIGHT DARK 
SECTOR
2.1 Introduction
One of the most surprising experimental results of the last decades has been the discovery of tiny neutrino 
masses and relatively large neutrino mixings. Although non-vanishing neutrino masses are a clear indication 
of physics beyond the Standard Model (SM), the mechanism and the scales responsible for the neutrino mass 
generation remain a total mystery.
It seems unlikely that the very small neutrino masses are generated by the same Higgs mechanism responsible 
for the masses of the other SM fermions, since extremely small Yukawa couplings, of the order of . 10−12, must 
be invoked. A more ‘natural’ way to generate neutrino masses involve the addition of new states that, once 
integrated out, generate the dimension five Weinberg operator
O5 = c
Λ
LLHH. (2.1.1)
This is embodied by the so-called seesaw mechanisms [28–30,231]. The smallness of neutrino masses relative to
the weak scale implies either that the scale of new physics Λ is very large (making it impossible to experimentally
discriminate the different seesaw mechanisms), or that the Wilson coefficient c is extremely small (for instance,
coming from loop effects involving singly or doubly charged scalars [32]).
A different approach is given by neutrinophilic Two-Higgs-Doublet Models [33, 34]. In this framework, a
symmetry (U(1) or Z2) compels one of the doublets to couple to all SM fermions but neutrinos, hence being
responsible for their masses, while the other Higgs couples to the lepton doublets and right-handed neutrinos. If
the second doublet acquires a vacuum expectation value (vev) around the eV scale, this leads to small neutrino
masses. These models, however, are either ruled out or severely constrained by electroweak precision data and
low energy flavor physics [35,36].
A variation of this idea, in which the symmetry is taken to be a local U(1) and leads to the typical Lagrangian
of the inverse seesaw scenario, suffers from an accidental lepton number symmetry that has to be explicitly
broken to avoid the presence of a massless Nambu-Goldstone boson in the spectrum [37]. All aforementioned
models have one of the two following features: (i) The model is realized at very high scales, or (ii) the model
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is based on explicit breaking of lepton number or other symmetries that protect neutrino masses (e.g. in TeV
scale type II or inverse seesaw models).
Neutrinos, however, are the darkest between the SM particles, in the sense that they can couple through the
renormalizable neutrino portal LH operator with generic dark sectors [38]. This fact has been used in connection
to thermal Dark Matter with mass in the sub-GeV region (see for instance Refs. [39,40]). In this letter we propose
to use such a portal to explicitly connect a new light dark sector with the generation of neutrino masses. In
this way, we are able to lower the scale of neutrino mass generation below the electroweak one by resorting to a
dynamical gauge symmetry breaking of this new sector. The dark sector is mostly secluded from experimental
scrutiny, as it only communicates with the SM by mixing among scalars, among neutrinos and dark fermions,
and through kinetic and mass mixing between the gauge bosons. This scheme has several phenomenological
consequences at lower energies, and in particular it offers a natural explanation for the long-standing excess of
electron-like events reported by the MiniBooNE collaboration [42,363].
2.2 The Model
To avoid any neutrino mass contribution from the Higgs mechanism, we introduce a new dark gauge symmetry
U(1)D, under which the SM particles are uncharged, but the new sector is charged. To build a Dirac neutrino
mass term we need a SU(2)L singlet right-handed dark neutrino N , and a dark scalar doublet φ, both having
the same U(1)D charge +1. The absence of chiral anomalies require a second right-handed neutrino, N ′, with
an opposite U(1)D charge, thus restoring lepton number symmetry. We add to the particle content a dark
scalar SU(2)L singlet S2, with dark charge +2, whose vev spontaneously breaks lepton number, giving rise
to a Majorana mass component for the dark neutrinos. As we will see shortly, this setup leads to an inverse
seesaw structure in which the lepton number breaking parameter is promoted to a dynamical quantity. Finally,
this scalar content enjoys an accidental global symmetry which is spontaneously broken. To avoid a massless
Goldstone boson, an extra dark scalar SU(2)L singlet S1, with dark charge +1, is included in the spectrum.
Its vev breaks all accidental global symmetries. This field will allow for mixing among all the scalar fields,
including the SM Higgs.
The dark scalar S1 will spontaneously break U(1)D by acquiring a vev, while φ and S2 will only develop an
induced vev after the breaking of the electroweak and dark symmetries. By making a well motivated choice for
the hierarchy of the vevs, our model allows a dynamical generation of the light neutrino masses and mixings at
very low scale. Our model predicts masses for the dark scalars within the reach of current experiments as well
as a light dark vector boson, ZD, that has small kinetic mixing with the photon and mass mixing with the SM
Z boson.
15
The dark particles communicate with the SM ones via mixing: flavor mixing (neutrinos), mass mixing
(scalars) and mass mixing and kinetic mixing (ZD), giving rise to a simple yet rich phenomenology.
2.2.1 The Dark Scalar Sector
Let us start discussing the scalar sector of the model. This will motivate the region of parameter space on which
we will focus throughout the paper. The most general SU(2)L×U(1)Y ×U(1)D invariant scalar potential that
can be constructed out of the fields and charges outlined above is
V =−m2H(H†H) +m2φ(φ†φ)−m21S∗1S1 +m22S∗2S2 −
[
µ
2
S1(φ
†H) +
µ′
2
S21S
∗
2 +
α
2
(H†φ)S1S∗2 + h.c.
]
+ λ′Hφφ
†HH†φ+
{H,φ,S1,S2}∑
ϕ
λϕ(ϕ
†ϕ)2 +
{H,φ,S1,S2}∑
ϕ<ϕ′
λϕϕ′(ϕ
†ϕ)(ϕ′†ϕ′) .
(2.2.2)
(In the last sum, the notation ϕ < ϕ′ is to avoid double counting.) We denote the vevs of the scalar fields as
(H,φ, S1, S2)|vev ≡ (v, vφ, ω1, ω2) /
√
2. We stress that we are supposing the bare mass terms of H and S1 to
be negative, while we take the corresponding ones for φ and S2 to be positive. This ensures that, as long as
µ = µ′ = α ≡ 0 (i.e. if there is no mixing among the scalar fields), the latter fields do not develop a vev, while
the former do. In turn, this implies that the vevs vφ and ω2 must be induced by µ, µ′, and/or α.
We now observe that µ, µ′, and α explicitly break two accidental U(1) global symmetries, making these
parameters technically natural 1. For our purposes, this means that µ, µ′ and α can be taken small in a natural
way, and justifies our working hypothesis vφ, ω2  v, ω1. As we will see later, this hierarchy of vevs will provide
a low scale realization of the inverse seesaw mechanism with low scale dynamics associated to it. Explicitly, we
obtain
vφ ' 1
8
√
2
(
αµ′ vω31
M2S′D
M2HD
+ 4
µω1v
M2HD
)
, and (2.2.3)
ω2 ' 1
8
√
2
(
αµ v2ω21
M2S′D
M2HD
+ 4
µ′ ω21
M2S′D
)
, (2.2.4)
with M2HD and M
2
S′D
approximately being the physical masses of the respective scalars (to be defined below).
In order to avoid large mixing between H and φ, we will always make the choice ω1  v.
The scalar spectrum contains, in addition to the SM-like scalar hSM with mass mhSM ' 125 GeV, three
CP-even dark scalars HD, SD and S′D, with masses MHD , MSD and MS′D , two CP-odd dark scalars AD and aD
with masses MAD and MaD , and a charged dark scalar H
±
D with mass MH±D .
1One of the symmetries is lepton number, the other is a symmetry under which only φ and L are charged, with opposite
charge. Since there are only two global symmetries for 3 parameters, having two of them non-zero necessarily generates the third
by renormalization group running.
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Explicitly, the masses of the CP-even scalars are 1
m2hSM ' 2λHv2 ,
M2SD ' 2λS1ω21 ,
M2HD ' m2φ +
λHφ + λ
′
Hφ
2
v2 ,
M2S′D
' m22 +
λHS2
2
v2 ,
(2.2.5)
while the masses of the CP-odd and charged scalars are given by
MAD 'MHD , (2.2.6)
MaD 'MS′D , (2.2.7)
M2
H±D
'M2HD −
λ′Hφv
2
2
. (2.2.8)
As for the composition of the physical states, since the mixing in the scalar sector is typically small, we can
generically define
ϕphysical = ϕ−
∑
ϕ′ 6=ϕ
θϕϕ′ϕ
′ , (2.2.9)
where ϕphysical denotes the physical scalar field that has the largest ϕ admixture. Then, the mixing in the
CP-even scalar sector is given by
θHφ '
[
(λHφ + λ
′
Hφ) vφv − µω1/2
√
2
]
/∆M2hSMHD ,
θHS1 ' λHS1 ω1v/∆M2hSMSD ,
θHS2 ' λHS2 ω2v/∆M2hSMS′D ,
θφS1 ' µv/2
√
2∆M2HDSD , (2.2.10)
θφS2 ' αω1v/4∆M2HDS′D ,
θS1S2 ' µ′ω1/
√
2∆M2SDS′D
,
where ∆M2ϕϕ′ ≡M2ϕ−M2ϕ′ , while the Nambu-Goldstone bosons associated with the W±, Z and ZD bosons are
defined as
G±W ' H± −
vφ
v
φ± ,
1Radiative corrections will naturally contribute to the masses of these scalars. There are potentially several contributions
according to Eq. (2.2.2), the quartic couplings being the most dangerous ones. In order to avoid fine-tuning, we will always demand
the masses of the lightest scalars to satisfy Mlightest &
√
λMheavy/8pi, where Mheavy denotes any of the heavy scalar masses. By
the same argument we expect µ, µ′ and αv to be below Mlightest. Our computation ignores the threshold at the Planck scale,
which must be stabilized by other means (for instance, supersymmetrizing the theory).
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GZ ' Im(H0) + vφ
v
Im(φ0) , (2.2.11)
GZD ' Im(S1) +
2ω2
ω1
Im(S2) +
vφ
ω1
Im(φ0)− v
2
φ
ω1v
Im(H0).
We see that our hypothesis vφ, ω2  ω1  v prevents any relevant modification to the Higgs-like couplings,
and hSM ends up being basically like the SM Higgs boson. Moreover, due to the mixing with the Higgs field,
the dark scalars and the longitudinal mode of the ZD will also couple to SM fermions via SM Yukawa couplings.
Nevertheless, such couplings to light fermions are quite small as they are suppressed by the hierarchy of vevs.
If the spectrum enjoys light degrees of freedom (below the 100 MeV scale), an interesting phenomenology may
be associated with this sector. A dedicated study will be pursued in a future work.
2.2.2 Neutrino Masses and Mixings
Let us now discuss the generation of neutrino masses and mixings, and how the dynamics of the dark sector
outlined so far ensures light neutrinos. The most general Lagrangian in the neutrino sector, compatible with
our charge assignment, is
Lν =− yν Lφ˜N + yN S2NN c + yN ′ S∗2 N ′N ′c
+mN ′N c + h.c. , (2.2.12)
where yν , m, yN and yN ′ are matrices in flavor space. After the two-steps spontaneous breaking SU(2)L ×
U(1)Y × U(1)D v−−→ U(1)em × U(1)D ω1−−→ U(1)em, the neutrino mass matrix in the (ν, N, N ′) basis is
Mν = 1√
2

0 yν vφ 0
yTν vφ yN ω2
√
2m
0
√
2mT yN ′ ω2
 . (2.2.13)
As already stressed, vφ generates a Dirac mass term, while ω2 plays the key role to generate a naturally small
term yN ′ω2, which can be identified as the tiny mass term of the inverse seesaw µISS (the dimensionful parameter
of inverse seesaw that breaks lepton number by two units), and we obtain a dynamically generated inverse seesaw
neutrino mass matrix. The mass matrix m can always be made diagonal, and in principle take any value, but
given the smallness of the Dirac and µISS-terms, it is clear that we can generate light neutrino masses even with
values of m smaller than that in the usual inverse seesaw scenario.
More precisely, the light neutrino mass matrix is given at leading order by
mν ' (yTν vφ)
1
mT
(yN ′ω2)
1
m
(yνvφ) . (2.2.14)
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Figure 2.1: Diagram for the dynamically induced light neutrino masses in our model.
Inspection of Eq. (2.2.12) makes clear why we can substantially lower the scale of neutrino mass generation,
since in our construction the light neutrino masses are generated effectively as a dimension nine operator (see
Fig. 2.1). Schematically, we start with
Leffν ∼ y2ν yN ′
(Lcφ)(φTL)
m2
S∗2 . (2.2.15)
Remembering that the vevs of φ and S2 are induced by the dynamics of the scalar sector, we can rewrite the
previous operator in terms of H and S1, the fields whose vev’s are present even in the limit {µ, µ′, α} → 0. We
obtain
Ld=9ν ∼ y2ν yN ′
µ2
M4HD
µ′
M2S′D
(LcH)(HTL)
m2
(S∗1S1)
2 , (2.2.16)
from which it is clear that, ultimately, neutrinos masses are generated by a dimension 9 operator (see, e.g.,
Refs. [43] for generation of neutrino masses from higher dimensional effective operators). In addition, we have
a further suppression due to the fact that µ and µ′ can be taken small in a technically natural way.
The mixing between active and dark neutrinos can be explicitly written as
να =
3∑
i=1
Uαi νi + UαDND , (2.2.17)
α = e, µ, τ,D, where νi and να are the neutrinos mass and flavor eigenstates, respectively (we denote by α = D
the 6 dark neutrinos flavor states, while UαD is a 9×6 matrix). Schematically, we have that the mixing between
light and heavy neutrinos is yνvφ/m. Note that the dark neutrino can be made very light, without introducing
too large mixing, even for yν ∼ O(1) since vφ  v.
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2.2.3 ZD and the Gauge Sector
The new vector boson will, in general, communicate with the SM sector via either mass mixing or kinetic mixing.
The relevant part of the dark Lagrangian is
LD ⊃
m2ZD
2
ZDµZ
µ
D + gDZ
µ
D JDµ + eZ
µ
D J
em
µ +
g
cW
′ ZµD J
Z
µ , (2.2.18)
where mZD is the mass of ZD, gD is the U(1)D gauge coupling, e is the electromagnetic coupling, g/cW is the Z
coupling in the SM, while  and ′ parametrize the kinetic and mass mixings, respectively. The electromagnetic
and Z currents are denoted by Jemµ and JZµ , while JDµ denotes the dark current.
In the limits we are considering, the Z and W± masses are essentially unchanged with respect to the SM
values, while the new gauge boson mass reads
m2ZD ' g2D
(
ω21 + v
2
φ + 4ω
2
2
) ' g2D ω21 , (2.2.19)
with mass mixing between Z and ZD given by
′ ' 2gD
g/cW
v2φ
v2
. (2.2.20)
Of course, a non-vanishing mass mixing ′ implies that the Z boson inherits a coupling to the dark current
LZ = m
2
Z
2
ZµZ
µ +
g
cW
ZµJZµ − gD′ZµJDµ . (2.2.21)
While the new coupling allows for the possibility of new invisible Z decays, the large hierarchy vφ  v guarantees
that the new contributions to the invisible decay width are well inside the experimentally allowed region. The
vev hierarchy also protects the model from dangerous K, B and Υ decays with an on-shell ZD in the final
state [44,70].
The kinetic mixing parameter  is allowed at tree-level by all symmetries of the model. Moreover, it is
radiatively generated (see e.g. Ref. [371]) by a loop of the H±D scalar which magnitude is
LOOP ∼ egD
480pi2
m2ZD
m2
H±D
. (2.2.22)
In what follows, we will take  as generated at tree-level, with TREE  LOOP to guarantee the radiative
stability of the theory. The kinetic mixing will lead to interactions of the ZD to charged fermions, as well as
decays if kinematically allowed (see e.g. Ref. [457] for constraints).
2.3 Phenomenological Consequences
We would like at this point to make some comments about the possible phenomenological consequences of our
model. To illustrate the discussion let us consider a benchmark point consistent with our working hypothesis
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vφ, ω2  ω1  v. This point is defined by the input values given in Tab. 2.1, producing the physical observables
in Tab. 7.2.
We see that for this point the changes in the masses of the SM gauge bosons as well as the mixings of the Higgs
with the new scalars are negligible, so we do not foresee any major problems to pass the constraints imposed
to the SM observables by the Tevatron, LEP or the LHC data. Moreover, our model is endowed with all the
features needed to explain the excess of electron-like events observed by the MiniBooNE experiment: a new
dark vector boson, ZD, that couples to the SM fermions by kinetic mixing and also directly to a dark neutrino,
νD, which mixes with the active ones. As shown in [42], the dark neutrino can be produced via neutrino-nucleus
scattering in the MiniBooNE detector and, if mND > mZD , subsequently decay as ND → ZD + νi. The ZD can
then be made to decay primarily to e+e− pairs with a rate that results in an excellent fit to MiniBooNE energy
spectra and angular distributions.
In general, this model may in principle also give contributions to the muon g − 2 1, to atomic parity
violation, polarized electron scattering, neutrinoless double β decay, rare meson decays as well as to other low
energy observables such as the running of the weak mixing angle sin2 θW . There might be consequences to
neutrino experiments too. It can, for instance, modify neutrino scattering, such as coherent neutrino-nucleus
scattering, or impact neutrino oscillations experimental results as this model may give rise to non-standard
neutrino interactions in matter. Furthermore, data from accelerator neutrino experiments, such as MINOS,
NOνA, T2K, and MINERνA, may be used to probe ZD decays to charged leptons, in particular, if the channel
µ+µ− is kinematically allowed. We anticipate new rare Higgs decays, such as hSM → ZZD, or H±D → W±ZD,
that depending onmZD may affect LHC physics. Finally, it may be interesting to examine the apparent anomaly
seen in 8Be decays [48] in the light of this new dark sector.
The investigation of these effects is currently under way but beyond the scope of this letter and shall be
presented in a future work.
1Since additional electrically charged/neutral scalar (H±D , HD, AD) fields and a light dark gauge boson(ZD) field are present in
our model, they will induce a shift in the leptonic magnetic moments and mediate LFV decays via the interactions as shown in
Eq. 2.2.12 and Eq. 6.2.2. The contribution to muon magnetic moment from neutral dark Higgs fields (HD, AD) with flavor-changing
couplings is negligible in our framework. The dominant contribution will arise from singly charged scalar (H±D ) via the interaction
term yν Lφ˜N . But, the singly charged scalar correction to muon g− 2 is negative and rather destructive to the other contributions.
Whereas, the one loop contribution of the dark gauge boson (ZD) to muon g − 2 is quite promising and a dedicated study will be
pursued further on that. It is worth mentioning that there will be another small contribution to muon g − 2 from the W boson
exchange via mixing between active and dark neutrinos.
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Vacuum Expectation Values
v (GeV) ω1 (MeV) vφ (MeV) ω2 (MeV)
246 136 0.176 0.65
Coupling Constants
λH λHφ = λ
′
Hφ λHS1 λHS2
0.129 10−3 10−3 −10−3
λφS1 λφS2 λS1 λS1S2
10−2 10−2 2 0.01
µ (GeV) µ′ (GeV) α gD
0.15 0.01 10−3 0.22
Bare Masses
mφ (GeV) m2 (GeV)
100 5.51
Table 2.1: Input values for a benchmark point in our model that can provide an explanation of the low energy
MiniBooNE excess [42,363]. See Tab. 7.2 for the respective physical masses and mixings.
Masses of the Physical Fields
mhSM (GeV) mHD (GeV) mSD (MeV) mS′D (MeV) mH±D (GeV) mAD (GeV) maD (MeV) mZD (MeV) mND (MeV)
125 100 272 320 100 100 272 30 150
Mixing between the Fields
θHφ θHS1 θHS2 θφS1 θφS2 θS1S2 e 
′ |UαN |2
1.3× 10−6 2.1× 10−6 10−8 1.2× 10−3 8.3× 10−7 3.4× 10−2 2× 10−4 3.6× 10−14 O(10−6)
Table 2.2: Physical masses and mixings for the benchmark point of our model that can provide an explanation
of the low energy MiniBooNE excess [42, 363]. The light-heavy neutrino mixing is schematically denoted by
|UαN |2, and mND denotes the order of magnitude of the diagonal entries of the dark neutrino mass matrix.
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2.4 Final Conclusions and Remarks
The main purpose of this letter has been to explicitly connect the generation of neutrino masses to the existence
of a new light dark sector. Doing so, we are able to lower the scale of neutrino mass generation substantially
below the electroweak one by resorting to a dynamical breaking of a new U(1)D dark gauge symmetry under
which SM particles are neutral.
Our secluded sector consists of the minimal dark field content able to ensure anomaly cancellation, as well as
the spontaneous breaking of the dark gauge symmetry without the appearance of a Nambu-Goldstone boson. It
consists of a new scalar doublet, two scalar singlets and a set of six new fermion singlets, all charged under the
dark symmetry. A judicious choice of dark charges allows to generate neutrino masses by a dynamical inverse
seesaw mechanism, but unlike the usual inverse seesaw scenario, the so-called µISS-term is here dynamically
generated, and can be small in a technically natural way. Interestingly, neutrino masses effectively emerge only
at the level of dimension 9 operators, and we can have a new light dark gauge boson in the spectrum.
The dark sector is mostly secluded from experimental scrutiny, as it only communicates with the SM by
mixing: the SM Higgs mixing with dark scalars, neutrinos mixing with dark fermions, and through kinetic and
mass mixing with the dark gauge boson.
The low scale phenomenology of the model is simple yet rich. It is possible that our model gives sizable
contributions to several experimental observables such as the value of the muon g − 2, the Majorana mass in
neutrinoless double β decay or influence atomic parity violation, polarized electron scattering, or rare meson
decays, among others. Moreover, the mechanism we propose in this letter could provide an novel explanation
to the MiniBooNE low energy excess of electron-like events [42].
As a final remark, let us stress that we presented here only the low scale realization of the model, imposed by
the hierarchy of vevs we have selected. Nevertheless, we could have chosen a different one, for instance, ω1 & v.
In that case we would have a high scale realization of the model, with unique phenomenological consequences
at the LHC, for instance displaced vertex or prompt multi-lepton signatures.
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CHAPTER  III
NON-STANDARD INTERACTIONS IN RADIATIVE NEUTRINO MASS MODELS
3.1 Introduction
The origin of tiny neutrino masses needed to explain the observed neutrino oscillation data is of fundamental 
importance in particle physics. Most attempts that explain the smallness of these masses assume the neutrinos 
to be Majorana particles, in which case their masses could arise from effective higher dimensional operators, 
suppressed by a high energy scale that characterizes lepton number violation. This is the case with the seesaw 
mechanism, where the dimension-five o perator [610]
O1 = LiLjHkH likjl (3.1.1)
suppressed by an inverse mass scale Λ is induced by integrating out Standard Model (SM) singlet fermions [50–
54], SU(2)L triplet scalars [55–58], or SU(2)L triplet fermions [59] with mass of order Λ.2 In Eq. 3.1.1, L
stands for the lepton doublet, and H for the Higgs doublet, with i, j, k, l denoting SU(2)L indices, and ik is
the SU(2)L antisymmetric tensor. Once the vacuum expectation value (VEV) of the Higgs field, 〈H0〉 ' 246
GeV is inserted in Eq. (3.1.1), Majorana masses for the neutrinos given by mν = v2/Λ will be induced. For
light neutrino masses in the observed range, mν ∼ (10−3 − 10−1) eV, the scale Λ should be around 1014 GeV.
The mass of the new particle that is integrated out need not be Λ, since it is parametrically different, involving
a combination of Yukawa couplings and Λ. For example, in the type-I seesaw model the heavy right-handed
neutrino mass goes as MR ∼ y2
D
Λ, which can be near the TeV scale, if the Dirac Yukawa coupling yD ∼ 10−6.
However, it is also possible that yD ∼ O(1), in which case the new physics involved in neutrino mass generation
could not be probed directly in experiments.3
An alternative explanation for small neutrino masses is that they arise only as quantum corrections [62–64]
(for a review, see Ref. [257]). In these radiative neutrino mass models, the tree-level Lagrangian does not
generate O1 of Eq. (3.1.1), owing to the particle content or symmetries present in the model. If such a model
has lepton number violation, then small Majorana masses for neutrinos will be induced at the loop level. The
leading diagram may arise at one, two, or three loop level, depending on the model details, which will have an
2For a clear discussion of the classification of seesaw types see Ref. [60].
3This is strictly true for one generation case. For more than one generation, the scale could be lower [61].
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appropriate loop suppression factor, and typically a chiral suppression factor involving a light fermion mass as
well.1 For example, in the two-loop neutrino mass model of Refs. [63, 64], small and calculable mν arises from
the diagram shown in Fig. 3.43, which is estimated to be of order
mν ≈ f
2h
(16pi2)2
m2µ
M
, (3.1.2)
assuming normal ordering of neutrino masses and requiring large µ− τ mixing. Here f, h are Yukawa couplings
involving new charged scalars with mass of order M . Even with f ∼ h ∼ 1, to obtain mν ∼ 0.1 eV, one would
require the scalar mass M ∼ TeV. This type of new physics can be directly probed at colliders, enabling direct
tests of the origin of neutrino mass.
When the mediators of neutrino mass generation have masses around or below the TeV scale, they can also
induce other non-standard processes. The focus of this paper is neutrino non-standard interactions (NSI) [66]
induced by these mediators. These NSI are of great phenomenological interest, as their presence would modify
the standard three-neutrino oscillation picture. The NSI will modify scattering experiments, as the production
and detection vertices are corrected; they would also modify neutrino oscillations, primarily through new con-
tributions to matter effects. There have been a variety of phenomenological studies of NSI in the context of
oscillations, but relatively lesser effort has gone into the ultraviolet (UV) completion of models that yield such
NSI (for a recent update, see Ref. [67]). A major challenge in generating observable NSI in any UV-complete
model is that there are severe constraints arising from charged lepton flavor violation (cLFV) [68]. One possible
way to avoid such constraints is to have light mediators for NSI [69–71]. In contrast to these attempts, in
this paper we focus on heavy mediators, and study the range of NSI allowed in a class of radiative neutrino
mass models.2 Apart from being consistent with cLFV constraints, these models should also be consistent with
direct collider searches for new particles and precision electroweak constraints. We find, somewhat surprisingly,
that the strengths of the diagonal NSI can be (20-50)% of the weak interaction strength for the flavor diagonal
components in a class of popular models that we term as type-I radiative neutrino mass models, while they are
absent at tree-level in another class, termed type-II radiative models.
3.1.1 Type-I and type-II radiative neutrino mass models
We propose a nomenclature that greatly helps the classification of various radiative models of neutrino mass
generation. One class of models can be described by lepton number violating effective higher dimensional
1The magnitude of mν would be too small if it is induced at four or higher loops, assuming that the diagrams have chiral
suppression factors proportional to the SM charged fermion masses.
2Analysis of Ref. [72,73] of neutrino NSI in a model with charged singlet and/or doublet scalars, although not in the context of
a neutrino mass model, is analogous to one model we analyze.
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operators, similar to Eq. (3.1.1). A prototypical example is the Zee model [62] which introduces a second Higgs
doublet and a charged SU(2)L-singlet scalar to the SM. Interactions of these fields violate lepton number, and
would lead to the effective lepton number violating (∆L = 2) dimension 7 operator
O2 = LiLjLkecH lijkl (3.1.3)
with indices i, j, .. referring to SU(2)L, and ec standing for the SU(2)L singlet let-handed positron state.
Neutrino masses arise via the one-loop diagram shown in Fig. 3.4. The induced neutrino mass has an explicit
chiral suppression factor, proportional to the charged lepton mass inside the loop. Operator O2 can be obtained
by cutting the diagram of Fig. 3.4. We call radiative neutrino mass models of this type, having a loop suppression
and a chirality suppression proportional to a light charged fermion mass, and expressible in terms of an effective
higher dimensional operator as in Eq. (3.1.3) as type-I radiative models. A classification of low dimensional
operators that violate lepton number by two units has been worked out in Ref. [74]. Each of these operators
can generate a finite set of type-I radiative neutrino mass models in a well-defined manner. Lepton number
violating phenomenology of these operators has been studied in Ref. [75].
Another well known example in this category is the two-loop neutrino mass model of Refs. [63, 64], which
induces an effective d = 9 operator
O9 = LiLjLkecLlecijkl . (3.1.4)
Neutrino masses arise in this model via the two-loop diagrams shown in Fig. 3.43, which has a chiral suppression
factor proportional to m2` , with ` standing for the charged leptons of the SM.
This category of type-I radiative neutrino mass models is populated by one-loop, two-loop, and three-loop
models. Popular one-loop type-I models include the Zee model [62] (cf. Sec. 3.4), and its variant with LQs
replacing the charged scalars (cf. Sec. 3.5). This variant is realized in supersymmetric models with R-parity
violation [76]. Other one-loop models include SU(2)L-triplet LQ models (cf. Sec. F) wherein the neutrino mass
is proportional to the up-type quark masses [77, 78]. Ref. [79] has classified simple realizations of all models
leading to d = 7 lepton number violating operators, which is summarized in Sec. 3.2. Popular type-I two-loop
models include the Zee-Babu model [63,64] (cf. Sec. A), a variant of it using LQs and a diquark [80] (cf. Sec. B),
a pure LQ extension [81] (cf. Sec. C), a model with LQs and vector-like fermions [82] (cf. Sec. D), and the
Angelic model [83] (cf. Sec. E). We also present here a new two-loop model (cf. Sec. I) with LQs wherein the
neutrino masses arise proportional to the up-type quark masses. Type-I three-loop models include the KNT
model [84] (cf. Sec. A), an LQ variant of the KNT model [85] (cf. Sec. D), the AKS model [86] (cf. Sec. B), and
the cocktail model [87] (cf. Sec. C). For a review of this class of models, see Ref. [257].
A systematic approach to identify type-I radiative models is to start from a given ∆L = 2 effective operators
of the type O2 of Eq. (3.1.3), open the operator in all possible ways, and identify the mediators that would be
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Particle Content Lagrangian term
η+(1,1, 1) or h+(1,1, 1) fαβLαLβ η+ or fαβLαLβ h+
Φ
(
1,2, 12
)
=
(
φ+, φ0
)
YαβLα`
c
βΦ˜
Ω
(
3,2, 16
)
=
(
ω2/3, ω−1/3
)
λαβLαd
c
βΩ
χ
(
3,1,− 13
)
λ′αβLαQβχ
?
ρ¯
(
3¯,3, 13
)
=
(
ρ¯4/3, ρ¯1/3, ρ¯−2/3
)
λ′′αβLαQβ ρ¯
δ
(
3,2, 76
)
=
(
δ5/3, δ2/3
)
λ′′′αβLαu
c
βδ
∆(1,3, 1) =
(
∆++,∆+,∆0
)
f ′αβLαLβ∆
Table 3.1: Summary of new particles, their SU(3)c×SU(2)L×U(1)Y quantum numbers (with the non-Abelian
charges in boldface), field components and electric charges (in superscript), and corresponding Lagrangian
terms responsible for NSI in various type-I radiative neutrino mass models discussed in Secs. 3.4, 3.5 and 3.7.
Here Φ˜ = iτ2Φ?, with τ2 being the second Pauli matrix. For a singly charged scalar, η+ and h+ are used
interchangeably, to be consistent with literature.
needed to generate the operator. Such a study was initiated in Ref. [74], and further developed in Refs. [79,88].
We shall rely on these techniques. In particular, the many models suggested in Ref. [79] have been elaborated
on in Sec. 3.7, and their implications for NSI have been identified. This method has been applied to uncover
new models in Ref. [89].
In all these models there are new scalar bosons, which are almost always necessary for neutrino mass
generation in type-I radiative models using effective higher dimensional operators. For future reference, we list
in Table 3.1 all possible new scalar mediators in type-I radiative models that can couple to neutrinos, along
with their SU(3)c×SU(2)L×U(1)Y quantum numbers, field components and electric charges (in superscript),
and corresponding Lagragian terms responsible for NSI. We will discuss them in detail in 3.4, 3.5 and 3.7.
The models discussed in Sec. 3.7 contain other particles as well, which are however not relevant for the NSI
discussion, so are not shown in Table 3.1. Note that the scalar triplet ∆(1,3, 1) could induce neutrino mass
at tree-level via type-II seesaw mechanism [55–58], which makes radiative models involving ∆ field somewhat
unattractive, and therefore, is not included in our subsequent discussion.
There is one exception to the need for having new scalars for type-I radiative models (see Sec. A). The
Higgs boson and the W,Z bosons of the SM can be the mediators for radiative neutrino mass generation, with
the new particles being fermions. In this case, however, there would be tree-level neutrino mass á la type-I
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seesaw mechanism [50–54], which should be suppressed by some mechanism or symmetry. Such a model has
been analyzed in Refs. [90, 91], which leads to interesting phenomenology, see Sec. 3.7.1.
From the perspective of neutrino NSI, these type-I radiative models are the most interesting, as the neutrino
couples to a SM fermion and a new scalar directly, with the scalar mass near the TeV scale. We have analyzed
the ranges of NSI possible in all these type-I radiative models. Our results are summarized in Fig. 3.58 and
Table 3.20.
A second class of radiative neutrino mass models has entirely new (i.e., non-SM) particles inside the loop
diagrams generating the mass. These models cannot be derived from effective ∆L = 2 higher-dimensional
operators, as there is no way to cut the loop diagram and generate such operators. We term this class of
models type-II radiative neutrino mass models (cf. Sec. 3.8). The induced neutrino mass may have a chiral
suppression, but this is not proportional to any light fermion mass. Effectively, these models generate operator
O1 of Eq. (3.1.1), but with some loop suppression. From a purely neutrino mass perspective, the scale of new
physics could be of order 1010 GeV in these models. However, there are often other considerations which make
the scale near a TeV, a prime example being the identification of a WIMP dark matter with a particle that
circulates in the loop diagram generating neutrino mass.
A well-known example of the type-II radiative neutrino mass model is the scotogenic model [272] which
assumes a second Higgs doublet and right-handed neutrinos N beyond the SM. A discrete Z2 symmetry is
assumed under which N and the second Higgs doublet are odd. If this Z2 remains unbroken, the lightest of the
Z2-odd particles can serve as a dark matter candidate. Neutrino mass arises through the diagram of Fig. 3.56.
Note that this diagram cannot be cut in any way to generate an effective higher dimensional operator of the
SM. While the neutrino mass is chirally suppressed by MN , this need not be small, except for the desire for it
(or the neutral component of the scalar) to be TeV-scale dark matter. There are a variety of other models that
fall into the type-II category [93–98].
The type-II radiative neutrino mass models will have negligible neutrino NSI, as the neutrino always couples
to non-SM fermions and scalars. Any NSI would be induced at the loop level, which would be too small to be
observable in experiments. As a result, in our comprehensive analysis of radiative neutrino mass models for
NSI, we can safely ignore type-II models.
One remark is warranted here. Consider an effective operator of the type
O′1 = LiLjHkH likjl(ucuc)(ucuc)?. (3.1.5)
Such an operator would lead to neutrino masses at the two-loop level, as can be seen in an explicit model shown
in Fig. 3.57. Although this model can be described as arising from an effective ∆L = 2 operator, the neutrino
mass has no chiral suppression here. The mass scale of the new scalars could be as large as 1010 GeV. Such
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models do belong to type-I radiative models; however, they are more like type-II models due to the lack of a
chiral suppression. In any case, the NSI induced by the LQs that go inside the loop diagram for neutrino masses
is already covered in other type-I radiative models that we have analyzed. Another example of this type of
operator is LiLjHkH likjl(H†H), which is realized for instance in the model of Ref. [91] (see Sec. A). Such
effective operators, which appear as products of lower operators, were treated as trivial in the classification of
Ref. [74].
3.1.2 Summary of results
We have mapped out in this paper the allowed ranges for the neutrino NSI parameters εαβ in radiative neutrino
mass models. We present a detailed analysis of the Zee model [62] with light charged scalar bosons. To map out
the allowed values of εαβ , we have analyzed constraints arising from the following experimental and theoretical
considerations: i) Contact interaction limits from LEP (cf. Sec. 3.4.6); ii) Monophoton constraints from LEP
(cf. Sec. 3.4.11); iii) Direct searches for charged scalar pair and single production at LEP (cf. Sec. A); iv) Pair
production of charged scalars at LHC (cf. Sec. B); v) Higgs physics constraints from LHC (cf. Sec. 3.4.10);
vi) Lepton universality in W± decays (cf. Sec. 3.4.8); vii) Lepton universality in τ decays (cf. Sec. 3.4.9); viii)
Electroweak precision data (cf. Sec. 3.4.4); ix) Charged lepton flavor violation (cf. Sec. 3.4.5); x) Perturbative
unitarity of Yukawa and quartic couplings; and xi) Charge breaking minima of the Higgs potential (cf. Sec. 3.4.3).
Imposing these constraints, we find that light charged scalars, arising either from the SU(2)L-singlet or
doublet field or an admixture, can have a mass near 100 GeV. Neutrino NSI obtained from the pure SU(2)L-
singlet component turns out to be unobservably small. However, the SU(2)L-doublet component in the light
scalar can have significant Yukawa couplings to the electron and the neutrinos, thus inducing potentially large
NSI. The maximum allowed NSI in this model is summarized below:
Zee εmaxee = 8% , εmaxµµ = 3.8% , εmaxττ = 43% ,
model: εmaxeµ = 0.0015% , εmaxeτ = 0.56% , εmaxµτ = 0.34% .
These values are significantly larger than the ones obtained in Ref. [99], where the contributions from the
doublet Yukawa couplings of the light charged Higgs were ignored.
We have also analyzed in detail leptoquark (LQ) models of radiative neutrino mass generation. As the base
model we analyze the LQ version of the Zee model, the results of which can also be applied to other LQ models
with minimal modification. This analysis took into account the following experimental constraints: i) Direct
searches for LQ pair and single production at LHC (cf. Sec. 3.5.3); ii) APV (cf. Sec. A); iii) Charged lepton
flavor violation (cf. Secs. D and E); and iv) rare meson decays (cf. Sec. F). Including all these constraints we
found the maximum possible NSI induced by the singlet and doublet LQ components, as given below:
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SU(2)L-singlet εmaxee = 0.69%, εmaxµµ = 0.17%, εmaxττ = 34.3%,
LQ model: εmaxeµ = 1.5× 10−5%, εmaxeτ = 0.36%, εmaxµτ = 0.43%.
SU(2)L-doublet εmaxee = 0.4%, εmaxµµ = 21.6%, εmaxττ = 34.3%,
LQ model: εmaxeµ = 1.5× 10−5%, εmaxeτ = 0.36%, εmaxµτ = 0.43%.
Our results yield somewhat larger NSI compared to the results of Ref. [100] which analyzed, in part, effective
interactions obtained by integrating out the LQ fields.
We also analyzed a variant of the LQ model with SU(2)L-triplet LQs, which have couplings to both up and
down quarks simultaneously. The maximum NSI in this case are found to be as follows:
SU(2)L-triplet εmaxee = 0.59%, εmaxµµ = 2.49%, εmaxττ = 51.7%,
LQ model: εmaxeµ = 1.9× 10−6%, εmaxeτ = 0.50%, εmaxµτ = 0.38%.
For completeness, we also list here the maximum possible NSI in the two-loop Zee-Babu model:
Zee-Babu εmaxee = 0%, εmaxµµ = 0.9%, εmaxττ = 0.3% ,
model: εmaxeµ = 0%, εmaxeτ = 0%, εmaxµτ = 0.3%.
The NSI predictions in all other models analyzed here will fall into one of the above categories.
The rest of the paper is structured as follows. In Sec. 3.2, we discuss the classification of low-dimensional
lepton-number violating operators and their UV completions. In Sec. 3.3, we briefly review neutrino NSI and
establish our notation. Sec. 3.4 discusses the Zee model of neutrino masses and derives the various experimental
and theoretical constraints on the model. Applying these constraints, we derive the allowed range for the NSI
parameters. Here we also show how neutrino oscillation data may be consistently explained with large NSI. In
Sec. 3.5 we turn to the one-loop radiative model for neutrino mass with LQs. Here we delineate the collider and
low energy constraints on the model and derive the ranges for neutrino NSI. In Sec. 3.6, we discuss a variant of
the one-loop LQ model with triplet LQ. In Sec. 3.7 we discuss other type-I models of radiative neutrino mass
and obtain the allowed values of εαβ . We briefly discuss NSI in type-II models in Sec. 3.8. In Sec. 11.4 we
conclude. Our results are tabulated in Table 3.20 and summarized in Fig. 3.58.
3.2 Classification of ∆L = 2 operators and their UV completions
It is instructive to write down low-dimensional effective operators that carry lepton number of two units (∆L =
2), since all type-I radiative models can be constructed systematically from these operators. Here we present
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a summary of such operators through d = 7 [74]. We use two component Weyl notation for SM fermions and
denote them as
L
(
1,2,−1
2
)
, ec(1,1, 1), Q
(
3,2,
1
6
)
, dc
(
3,1,
1
3
)
, uc
(
3,1,−2
3
)
. (3.2.6)
The Higgs field of the SM is denoted as H
(
1,2, 12
)
. The ∆L = 2 operators in the SM are all odd-dimensional.
The full list of operators through d = 7 is given by [74]:
O1 = LiLjHkH likjl , (3.2.7a)
O2 = LiLjLkecH lijkl , (3.2.7b)
O3 =
{
LiLjQkdcH lijkl, L
iLjQkdcH likjl
} ≡ {O3a, O3b} , (3.2.7c)
O4 =
{
LiLjQiu
cHkjk, L
iLjQku
cHkij
} ≡ {O4a, O4b} , (3.2.7d)
O8 = Liec ucdcHjij . (3.2.7e)
Not listed here are products of lower-dimensional operators, such as O1 × HH, with the SU(2)L contraction
of HH being a singlet. Here O1 is the Weinberg operator [610], while the remaining operators are all d = 7.1
In this paper, we shall analyze all models of neutrino mass arising from these d = 7 operators for their NSI,
as well as the two-loop Zee-Babu model arising from O9 of Eq. (3.1.4). A few other models that have been
proposed in the literature with higher dimensional operators will also be studied. The full list of d = 9 models
is expected to contain a large number, which has not been done to date.
Figure 3.1: Diagrams that generate operators of dimension 7 via (a) scalar and vectorlike fermion exchange,
and (b) by pure scalar exchange.
Each of these d = 7 operators can lead to finite number of UV complete neutrino mass models. The generic
diagrams that induce all of the d = 7 operators are shown in Fig. 3.1. Take for example the operator O2
in Eq. 3.2.7b. There are two classes of models that can generate this operator with the respective mediators
obtained from the following contractions (see Table 3.2):
O12 = H(LL)(ecH) , O22 = H(LL)(Lec) . (3.2.8)
1In the naming convention of Ref. [74], operators were organized based on how many fermion fields are in them. Operators
O5 −O7, which are d = 9 operators, appeared ahead of the d = 7 operator O8.
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Here the pairing of fields suggests the mediator necessary. The (LL) contraction would require a scalar that can
be either an SU(2)L singlet, or a triplet. The (ecH) contraction would require a new fermion, which is typically
a vectorlike fermion. Thus, O12 has two UV completions, with the addition of a vectorlike lepton ψ
(
1,2,− 32
)
to
the SM, along with a scalar which is either a singlet η+(1,1, 1), or a triplet ∆(1,3, 1). The choice of ∆(1,3, 1)
can lead to the generation of the lower d = 5 operator at tree level via type-II seesaw, and therefore, is usually
not employed in radiative models. The model realizing O12 with ψ
(
1,2,− 32
)
vectorlike lepton and η+(1,1, 1)
scalar is discussed in Sec. B. Similarly operator O22 has a unique UV completion, with two scalars added to
the SM – one η+(1,1, 1) and one Φ
(
1,2, 12
)
. This is the Zee model of neutrino mass, discussed at length in
Sec. 3.4.
O12
L(LL)(ecH)
φ (1,1, 1)
(1,2,− 32 )
O22
H(LL)(Lec)
φ (1,1, 1)
η (1,2, 12 )
Table 3.2: Minimal UV completions of operator O2 [79]. Here φ and η generically denote scalars and ψ is a
generic vectorlike fermion. The SM quantum numbers of these new fields are as indicated.
Operators O3a and O3b in Eq. 3.2.7c can be realized by the UV complete models given in Table. 3.3 [79].
Here all possible contraction among the fields are shown, along with the required mediators to achieve these
contractions. Fields denoted as φ and η are scalars, while ψ is a vectorlike fermion. The SM quantum numbers
for each field are also indicated in the Table. We shall analyze neutrino NSI arising from each of these models
in Sec. 3.7.
The UV completions of operators O4 and O8 are shown in Tables 3.4 and 3.5 respectively [79]. These models
will all be analyzed in Sec. 3.7 for neutrino NSI. Note that in both O4 and O8, pairing of un-barred and barred
fermion fields is not included, as the mediators for such an UV completion will have to be vector bosons which
would make such models difficult to realize. As a result, only O4b can be realized with scalar and fermionic
exchange.
Classification based on topology of diagrams
Rather than classifying radiative neutrino mass models in terms of effective ∆L = 2 operators, one could also
organize them in terms of the topology of the loop diagrams [60, 101, 102]. Possible one-loop topologies are
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O13 O23 O33 O43 O53 O63
Q(LL)(dcH) dc(LL)(QH) L(Ldc)(QH) L(LQ)(dcH) L(LQ)(dcH) L(Ldc)(QH)
φ (1,1, 1) (1,1, 1)
(
3,2, 16
) (
3,1,− 13
) (
3,3,− 13
) (
3,2, 16
)
(
3,2,− 56
) (
3,1, 23
) (
3,1, 23
) (
3,2,− 56
) (
3,2,− 56
) (
3,3, 23
)
O3a O3a O3a O3b O3a,O3b O3a,O3b
O73 O83 O93
H(LL)(Qdc) H(LQ)(Ldc) H(LQ)(Ldc)
φ (1,1,1)
(
3,1,− 13
) (
3,3,− 13
)
η
(
1,2, 12
) (
3,2, 16
) (
3,2, 16
)
O3a O3b O3a,O3b
Table 3.3: Minimal UV completions of operators O3a and O3b [79]. Here the models in the top segment require
a new scalar φ and a vectorlike fermion ψ, while those in the lower segment require two scalar fields φ and η.
O14 O24
Q(LL)(ucH) uc(LL)(QH)
φ (1,1, 1) (1,1, 1)(
3,2, 76
) (
3,1,− 13
)
O4b O4b
O34
H(LL)(Quc)
φ (1,1, 1)
η
(
1,2, 12
)
O4b
Table 3.4: Minimal UV completions of the operators O4a and O4b. Note that only the operator O4b is
generated. Fields φ and η are scalars, while the fields are vectorlike fermions.
shown in Fig. 3.2 [60, 101], and the two-loop topologies are shown in Fig. 3.3 [102]. Note that in the two-loop
diagrams, two Higgs particles that are connected to two internal lines in possible ways are not shown.
For the purpose of NSI, we find the classification based on type-I and type-II suggested here most convenient.
The classification based on the diagram topology does not specify whether the internal particles are SM fermions
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O18 O28 O38
L(ec uc)(dcH) uc(Ldc)(ecH) ec(Ldc)(ucH)
φ
(
3,1,− 13
) (
3,2, 16
) (
3,2, 16
)
(
3,2,− 56
) (
1,2,− 12
) (
3,2, 76
)
O48
(Ldc)(ucec)H
φ
(
3,1,− 13
)
η
(
3,2, 16
)
Table 3.5: Minimal UV completions of operator O8. Fields φ and η are scalars, while the ψ fields are vectorlike
fermions.
Figure 3.2: Topologies of one-loop radiative neutrino mass diagrams.
or not, and the NSI effects arise only when neutrino couples to the SM fermions. Let us also note that the
first diagram of Fig. 3.2 and the first two diagrams of Fig. 3.3 are the ones that appear most frequently in the
explicit type-I radiative models that we discuss in subsequent sections.
3.3 Neutrino non-standard interactions
Neutrino NSI can be of two types: Neutral Current (NC) and Charged Current (CC). The CC NSI of neutrinos
with the matter fields in general affects the production and detection of neutrinos, while the NC NSI affects the
neutrino propagation in matter. In the low-energy regime, neutrino NSI with matter fields can be formulated
in terms of an effective four-fermion Lagrangian as follows [66]:
LNCNSI = −2
√
2GF
∑
f,X,α,β
εfXαβ (ν¯αγ
µPLνβ)
(
f¯γµPXf
)
, (3.3.9)
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Figure 3.3: Topologies of two-loop neutrino mass diagrams. Two Higgs bosons should be attached to internal
lines in all possible ways.
LCCNSI = −2
√
2GF
∑
f,f ′,X,α,β
εff
′X
αβ (ν¯αγ
µPLνβ)
(
f¯ ′γµPXf
)
, (3.3.10)
where GF is the Fermi coupling constant, and PX (with X = L,R) denotes the chirality projection operators
PL,R = (1∓γ5)/2. These projection operators can also be reparameterized into vector and axial components of
the interaction. The dimensionless coefficients εαβ are the NSI parameters that quantify the strength of the NSI
between neutrinos of flavors α and β and the matter field f ∈ {e, u, d} (for NC) and f 6= f ′ ∈ {u, d} (for CC).
If εαβ 6= 0 for α 6= β, the NSI violates lepton flavor, while for εαα 6= εββ , it violates lepton flavor universality.
The vector component of NSIs, εfVαβ = ε
fL
αβ + ε
fR
αβ , affects neutrino oscillations by providing a new flavor-
dependent matter effect.1 The effective Hamiltonian for the matter effect is given by
H =
1
2E
UPMNS

0 0 0
0 ∆m221 0
0 0 ∆m231
U
†
PMNS +
√
2GFNe(x)

1 + εee εeµ εeτ
ε?eµ εµµ εµτ
ε?eτ ε
?
µτ εττ
 , (3.3.11)
where UPMNS is the standard 3×3 lepton mixing matrix, E is the neutrino energy, Ne(x) is the electron number
density as a function of the distance x traveled by the neutrino in matter, and the 1 in the 1+εee term is due to
the standard CC matter potential. The Hamiltonian level NSI in Eq. 3.3.11 is related to the Lagrangian level
NSI in Eq. 3.3.9 as follows:
εαβ =
∑
f∈{e,u,d}
〈
Nf (x)
Ne(x)
〉
εfVαβ
1The axial-vector part of the weak interaction gives a nuclear spin-dependent contribution that averages to zero in the non-
relativistic limit for the nucleus.
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= εeVαβ +
〈
Np(x)
Ne(x)
〉
(2εuVαβ + ε
dV
αβ ) +
〈
Nn(x)
Ne(x)
〉
(εuVαβ + 2ε
dV
αβ ) , (3.3.12)
where Nf (x) is the number density of fermion f at position x, and 〈Np(n)/Ne〉 is the average ratio of the density
of protons (neutrons) to the density of electrons along the neutrino propagation path. Note that the coherent
forward scattering of neutrinos with nucleons can be thought of as the incoherent sum of the neutrino scattering
with the constituent quarks, because the nucleon form factors are equal to one in the limit of zero momentum
transfer. Assuming electric charge neutrality of the medium, we can set 〈Np(x)/Ne(x)〉 = 1 and define the ratio
Yn(x) ≡ 〈Nn(x)/Ne(x)〉 to rewrite Eq. 3.3.12 as
εαβ = ε
eV
αβ + [2 + Yn(x)] ε
uV
αβ + [1 + 2Yn(x)] ε
dV
αβ . (3.3.13)
In the Earth, the ratio Yn which characterizes the matter chemical composition can be taken to be constant to
very good approximation. According to the Preliminary Reference Earth Model (PREM) [103], Yn = 1.012 in
the mantle and 1.137 in the core, with an average value Yn = 1.051 all over the Earth. On the other hand, for
solar neutrinos, Yn(x) depends on the distance to the center of the Sun and drops from about 1/2 in the center
to about 1/6 at the border of the solar core [104,105].
In the following sections, we will derive the predictions for the NSI parameters εαβ in various radiative
neutrino mass models, which should then be compared with the experimental and/or global fit constraints [106–
109] on εαβ using Eq. 3.3.13. We would like to emphasize two points in this connection:
(i) Depending on the model, we might have NSI induced only in the neutrino-electron or neutrino-nucleon
interactions, or involving only left- or right-chirality of the matter fields. In such cases, only the relevant
terms in Eq. 3.3.13 should be considered, while comparing with the experimental or global fit constraints.
(ii) Most of the experimental constraints [107] are derived assuming only one NSI parameter at a time,
whereas within the framework of a given model, there might exist some non-trivial correlation between
NSI involving different neutrino flavors, as we will see below. On the other hand, the global fits [108,109]
usually perform a scan over all NSI parameters switched on at the same time in their analyses, whereas
for a given model, the cLFV constraints usually force the NSI involving some flavor combinations to
be small, in order to allow for those involving some other flavor combination to be sizable. To make a
conservative comparison with our model predictions, we will quote the most stringent values from the
set of experimental and global fit constraints, as well as the future DUNE sensitivities [110–113]; see
Tables 3.9 and 3.17.
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3.4 Observable NSI in the Zee model
One of the simplest extensions of the SM that can generate neutrino mass radiatively is the Zee Model [62],
wherein small Majorana masses arise through one-loop diagrams. This is a type-I radiative model, as it can
be realized by opening up the ∆L = 2 effective d = 7 operator O2 = LiLjLkecH lijkl, and since the induced
neutrino mass has a chiral suppression factor proportional to the charged lepton mass. Due to the loop and the
chiral suppression factors, the new physics scale responsible for neutrino mass can be at the TeV scale. The
model belongs to the classification O22 of Table 3.2.
The model assumes the SM gauge symmetry SU(3)c × SU(2)L × U(1)Y , with an extended scalar sector.
Two Higgs doublets Φ1,2(1,2, 1/2), and a charged scalar singlet η+(1,1, 1) are introduced to facilitate lepton
number violating interactions and thus nonzero neutrino mass. The leptonic Yukawa Lagrangian of the model
is given by:
−LY ⊃ fαβLiαLjβijη+ + (y1)αβΦ˜i1Ljα`cβij + (y2)αβΦ˜i2Ljα`cβij + H.c. , (3.4.14)
where {α, β} are generation indices, {i, j} are SU(2)L indices, Φ˜a ≡ iτ2Φ?a (a = 1, 2) and `c denotes the left-
handed antilepton fields. Here and in what follows, a transposition and charge conjugation between two fermion
fields is to be understood. Note that due to Fermi statistics, fαβ = −fβα. Expanding the first term of the
Lagrangian Eq. (3.4.14) leads to the following couplings of η+:
−LY ⊃ 2η+ [feµ(νeµ− νµe) + feτ (νeτ − ντe) + fµτ (νµτ − ντµ)] + H.c. (3.4.15)
The presence of two Higgs doublets Φ1,2 allows for a cubic coupling in the Higgs potential,
V ⊃ µΦi1 Φj2ij η− + H.c. , (3.4.16)
which, along with the Yukawa couplings of Eq. (3.4.14), would lead to lepton number violation. The magnitude
of the parameter µ in Eq. (3.4.16) will determine the range of NSI allowed in the model. Interestingly, µ cannot
be arbitrarily large, as it would lead to charge-breaking minima of the Higgs potential which are deeper than
the charge conserving minimum [114,115] (see Sec. 3.4.3).
3.4.1 Scalar sector
We can start with a general basis, where both Φ1 and Φ2 acquire vacuum expectation values (VEVs):
〈Φ1〉 = 1√
2
 0
v1
 , 〈Φ2〉 = 1√2
 0
v2e
iξ
 . (3.4.17)
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However, without loss of generality, we can choose to work in the Higgs basis [116] where only one of the doublet
fields gets a VEV v given by v =
√
v21 + v
2
2 ' 246 GeV. The transformation to the new basis {H1, H2} is given
by:  H1
H2
 =
 cβ e−iξsβ
−eiξsβ cβ

 Φ1
Φ2
 , (3.4.18)
where sβ ≡ sinβ and cβ ≡ cosβ, with tanβ = v2/v1. In this new basis, we can parametrize the two doublets as
H1 =
 G+
1√
2
(v +H01 + iG
0)
 , H2 =
 H+2
1√
2
(H02 + iA)
 , (3.4.19)
where (G+, G0) are the Goldstone bosons, (H01 , H02 ), A, and H
+
2 are the neutral CP-even and odd, and charged
scalar fields, respectively. We shall work in the CP conserving limit, since phases such as ξ in Eq. (3.4.17) will
not have a significant impact on NSI phenomenology which is our main focus here.
The most general renormalizable scalar potential involving the doublet fields H1, H2 and the singlet field η+
can be written as
V (H1, H2, η) = − µ21H†1H1 + µ22H†2H2 − (µ23H†2H1 + H.c.)
+
1
2
λ1(H
†
1H1)
2 +
1
2
λ2(H
†
2H2)
2 + λ3(H
†
1H1)(H
†
2H2) + λ4(H
†
1H2)(H
†
2H1)
+
[
1
2
λ5(H
†
1H2)
2 +
{
λ6(H
†
1H1) + λ7(H
†
2H2)
}
H†1H2 + H.c.
]
+ µ2η|η|2 + λη|η|4 + λ8|η|2H†1H1 + λ9|η|2H†2H2
+ (λ10|η|2H†1H2 + H.c.) + (µ ijHi1Hj2η− + H.c.) (3.4.20)
Differentiating V with respect to H1 and H2, we obtain the following minimization conditions:
µ21 =
1
2
λ1v
2, µ23 =
1
2
λ6v
2, (3.4.21)
where, for simplicity, we have chosen µ23 to be real. The mass matrix for the charged scalars in the basis
{H+2 , η+} becomes
M2charged =
 M22 −µv/
√
2
−µv/√2 M23
 , (3.4.22)
where
M22 = µ
2
2 +
1
2
λ3v
2, M23 = µ
2
η +
1
2
λ8v
2 . (3.4.23)
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The physical masses of the charged scalars {h+, H+} are given by:
m2h+,H+ =
1
2
{
M22 +M
2
3 ∓
√
(M22 −M23 )2 + 2 v2µ2
}
, (3.4.24)
where
h+ = cosϕη+ + sinϕH+2 ,
H+ = − sinϕη+ + cosϕH+2 , (3.4.25)
with the mixing angle ϕ given by
sin 2ϕ =
−√2 vµ
m2H+ −m2h+
. (3.4.26)
As we shall see later, this mixing parameter ϕ, which is proportional to µ will play a crucial role in the NSI
phenomenology of the model.
Similarly, the matrix for the CP-even and odd neutral scalars in the basis {H01 , H02 , A} can written as [117]:
M2neutral =

λ1v
2 Re(λ6)v2 −Im(λ6)v2
λ6v
2 M22 +
1
2v
2(Re(λ5) + λ4) − 12 Im(λ5)v2
−Im(λ6)v2 − 12 Im(λ5)v2 M22 + 12v2(−Re(λ5) + λ4)
 . (3.4.27)
In the CP-conserving limit where Im(λ5,6) = 0, the CP-odd state will decouple from the CP-even states. One
can then rotate the CP-even states into a physical basis {h,H} which would have masses given by [117]:
m2h,H =
1
2
[
m2A + (λ1 + λ5)v
2 ±
√
{m2A + (λ5 − λ1)v2}2 + 4λ26v4
]
, (3.4.28)
whereas the CP-odd scalar mass is given by
m2A = M
2
2 −
1
2
(λ5 − λ4)v2 . (3.4.29)
The mixing angle between the CP-even eigenstates {H01 , H02}, defined as
h = cos(α− β)H01 + sin(α− β)H02 ,
H = − sin(α− β)H01 + cos(α− β)H02 , (3.4.30)
is given by
sin 2(α− β) = 2λ6v
2
m2H −m2h
. (3.4.31)
We will identify the lightest CP-even eigenstate h as the observed 125 GeV SM-like Higgs and use the LHC Higgs
data to obtain constraints on the heavy Higgs sector (see Sec. 3.4.10). We will work in the alignment/decoupling
limit, where β − α→ 0 [118–121], as suggested by the LHC Higgs data [122,123].
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⟨H01⟩
H+2η
+
να ℓγ ℓ
c
γ νβ
Figure 3.4: Neutrino mass generation at one-loop level in the Zee model [62]. The dot (•) on the SM fermion
line indicates mass insertion due to the SM Higgs VEV.
3.4.2 Neutrino mass
In the Higgs basis where only the neutral component of H1 gets a VEV, the Yukawa interaction terms in
Eq. 3.4.14 of fermions with the scalar doublets H1 and H2 become
−LY ⊃ Y˜αβH˜i1Ljα`cβij + YαβH˜i2Ljα`cβij + H.c. , (3.4.32)
where Y and Y˜ are the redefined couplings in terms of the original Yukawa couplings y1 and y2 given in Eq. 3.4.14
and where H˜a = iτ2H?a (a = 1, 2) with τ2 being the second Pauli matrix. After electroweak symmetry breaking,
the charged lepton mass matrix reads as
M` = Y˜ 〈H01 〉 = Y˜
v√
2
. (3.4.33)
Without loss of generality, one can work in a basis where M` is diagonal, i.e., M` = diag (me, mµ, mτ ). The
Yukawa coupling matrix f involving the η+ field in Eq. 3.4.14 is taken to be defined in this basis.
The Yukawa couplings in Eq. 3.4.14, together with the trilinear term in the scalar potential Eq. 3.4.16,
generate neutrino mass at the one-loop level, as shown in Fig. 3.4. Here the dot (•) on the SM fermion line
indicates mass insertion due to the SM Higgs VEV. There is a second diagram obtained by reversing the arrows
on the internal particles. Thus, we have a symmetric neutrino mass matrix given by
Mν = κ (fM`Y + Y
TM`f
T ) , (3.4.34)
where κ is the one-loop factor given by
κ =
1
16pi2
sin 2ϕ log
(
m2h+
m2H+
)
, (3.4.35)
with ϕ given in Eq. 3.4.26. The matrix f that couples the left-handed lepton doublets to the charged scalar η+
can be made real by a phase redefinition Pˆ fPˆ , where Pˆ is a diagonal phase matrix, while the Yukawa coupling
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Y in Eq. 3.4.32 is in general a complex asymmetric matrix:
f =

0 feµ feτ
−feµ 0 fµτ
−feτ −fµτ 0
 , Y =

Yee Yeµ Yeτ
Yµe Yµµ Yµτ
Yτe Yτµ Yττ
 . (3.4.36)
Here the matrix Y is multiplied by (ν¯e, ν¯µ, ν¯τ ) from the left and (eR, µR, τR)T from the right, in the interaction
with the charged scalar H+. Thus the neutrino NSI will be governed by the matrix elements (Yee, Yµe, Yτe),
which parametrize the couplings of να with electrons in matter.
Note that in the limit Y ∝Ml, as was suggested by Wolfenstein [124] by imposing a discrete Z2 symmetry
to forbid the tree-level flavor changing neutral currents (FCNC) mediated by the neutral Higgs bosons, the
diagonal elements ofMν would vanish, yielding neutrino mixing angles that are not compatible with observations
[125,126]. For a variant of the Zee-Wolfenstein model with a family-dependent Z4 symmetry which is consistent
with neutrino oscillation data, see Ref. [127].
From Eq. 3.4.34 it is clear that only the product of the Yukawa couplings f and Y is constrained by the
neutrino oscillation data. Therefore, by taking Y ∼ O(1) and f  1 in the neutrino mass matrix Eq. 3.4.34,
we can correctly reproduce the neutrino oscillation parameters (see Sec. 3.4.13). This choice maximizes the
neutrino NSI in the model. We shall adopt this choice.
Since the model has two Higgs doublets, in general both doublets will couple to up and down quarks. If some
of the leptonic Yukawa couplings Yαe of Eq. (3.4.36) are of order unity, so that significant neutrino NSI can be
generated, then the quark Yukawa couplings of the second Higgs doublet H2 will have to be small. Otherwise
chirality enhanced meson decays, such as pi+ → e+ν will occur with unacceptably large rates. Therefore, we
assume that the second Higgs doublet H2 is leptophilic in our analysis.
3.4.3 Charge breaking minima
To have sizable NSI, we need a large mixing ϕ between the singlet and doublet charged scalar fields η+ and
H+2 . From Eq. 3.4.26, this means that we need a large trilinear µ-term. But µ cannot be arbitrarily large, as it
leads to charge breaking minima (CBM) of the potential [114,115]. We numerically analyze the scalar potential
given by Eq. 3.4.20 to ensure that it does not develop any CBM deeper than the charge-conserving minimum
(CCM).
We take µ22, µ2η > 0. The field H1 is identified approximately as the SM Higgs doublet, and therefore, the
value of λ1 is fixed by the Higgs mass (cf. Eq. 3.4.21), and the corresponding mass-squared term is chosen to
be negative to facilitate electroweak symmetry breaking (µ21 > 0 in Eq. (3.4.20)). Note that the cubic scalar
coupling µ can be made real as any phase in it can be absorbed in η− by a field redefinition.
41
In order to calculate the most general minima of the potential, we assign the following VEVs to the scalar
fields:
〈H1〉 =
 0
v1
 , 〈H2〉 = v2
 sin γ eiδ
cos γ eiδ
′
 , 〈η−〉 = vη , (3.4.37)
where vη and v1 can be made real and positive by SU(2)L × U(1)Y rotations. A non-vanishing VEV vη would
break electric charge conservation, as does a nonzero value of sin γ. Thus, we must ensure that the CBM of the
potential lie above the CCM. The Higgs potential, after inserting Eq. 3.4.37 in Eq. 3.4.20, reads as
V = −µ21v21 +
λ1v
4
1
2
+ (µ22 + λ3)v
2
2 +
λ2v
4
2
2
+ (µ2η + λ8v
2
1 + λ9v
2
2)v
2
η + ληv
4
η
+v1v2{2 cos γ[−µ23 cos δ′ + λ6v21 cos (θ2 + δ′) + λ7v32 cos (θ3 + δ′) + λ10v2η cos (θ4 + δ′)]
+v1v2 cos γ
2[λ4 + λ5 cos (θ1 + 2δ
′)]− 2µvη cos δ sin γ}. (3.4.38)
Here θ1, θ2, θ3, and θ4 are respectively the phases of the quartic couplings λ5, λ6, λ7, and λ10. For simplicity, we
choose these quartic couplings, as well as λ9 to be small. This choice does not lead to any run-away behavior
of the potential. We keep all diagonal quartic couplings to be nonzero, so that the potential remains bounded.
(All boundedness conditions are satisfied if we choose, as we do for the most part, all the quartic couplings to
be positive.) We also keep the off-diagonal couplings λ3 and λ8 nonzero, as these couplings help in satisfying
constraints from the SM Higgs boson properties from the LHC.
Eq. 3.4.38 yields five minimization conditions from which {v1, v2, vη, δ, γ} can be solved numerically for
any given set of masses and quartic couplings. The mass parameters are derived from the physical masses of
h+, H+ and h in the CCM. We vary mh+ from 50 to 500 GeV and choose three benchmark points for mH+ :
{0.7, 1.6, 2.0} TeV. To get an upper limit on the mixing angle ϕ (cf. Eq. 3.4.26] for our subsequent analysis, we
keep λ3 = λ8 fixed at two benchmark values (3.0 and 2.0) and vary the remaining nonzero quartic couplings
λ2 and λη in the range [0.0, 3.0]. Our results on the maximum sinϕ are shown in Fig. 3.5. We do not consider
values of the quartic couplings exceeding 3.0 to be consistent with perturbativity considerations [128]. Each
choice of mixing angle ϕ, and the parameters λ2, λη, mh+ , and mH+ yields different minimization conditions
deploying different solutions to the VEVs. We compare the values of the potential for all cases of CBM and
CCM. If any one of the CBM is deeper than CCM, we reject the solution and rerun the algorithm with different
initial conditions until we meet the requirement of electroweak minimum being deeper than all CBM.
For values of the mixing angle sinϕ above the curves shown in Fig. 3.5 for a given mH+, the potential
develops CBM that are deeper than the electroweak minimum, which is unacceptable. This is mainly due to
the fact that for these values of ϕ, the trilinear coupling µ becomes too large, which drives the potential to a
deeper CBM [114], even for positive µ2η. From Fig. 3.5 it is found that sinϕ < 0.23 for mH+ = 2 TeV, while
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Figure 3.5: Maximum allowed value of the mixing parameter sinϕ from charge breaking minima constraints as
a function of the light charged Higgs mass mh+ , for different values of the heavy charged Higgs mass mH+ = 2
TeV, 1.6 TeV and 0.7 TeV, shown by red, green and blue curves, respectively. We set the quartic couplings
λ3 = λ8 = 3.0 (left) and λ3 = λ8 = 2.0 (right), and vary λ2, λη in the range [0.0, 3.0]. For a given mH+ , the
region above the corresponding curve leads to charge breaking minima.
sinϕ = 0.707 is allowed when mH+ = 0.7 TeV. In all cases the maximum value of |µ| is found to be about 4.1
times the heavier mass mH+ . Note that we have taken the maximum value of the mixing ϕmax = pi/4 here,
because for ϕ > pi/4, the roles of h+ and H+ will be simply reversed, i.e., H+ (h+) will become the lighter
(heavier) charged Higgs field. The CBM limits from Fig. 3.5 will be applied when computing neutrino NSI in
the model.
3.4.4 Electroweak precision constraints
The oblique parameters S, T and U can describe a variety of new physics in the electroweak sector parametrized
arising through shifts in the gauge boson self-energies [129,130] and impose important constraints from precision
data. These parameters have been calculated in the context of the Zee model in Ref. [131]. We find that the T
parameter imposes the most stringent constraint, compared to the other oblique parameters. The T parameter
in the Zee model can be expressed as [131]:
T =
1
16pi2αemv2
{
cos2ϕ
[
sin2(β − α)F(m2h+ ,m2h) + cos2(β − α)F(m2h+ ,m2H) + F(m2h+ ,m2A)
]
+ sin2ϕ
[
sin2(β − α)F(m2H+ ,m2h) + cos2(β − α)F(m2H+ ,m2H) + F(m2H+ ,m2A)
]
− 2 sin2ϕcos2ϕF(m2h+ ,m2H+)− sin2(β − α)F(m2h,m2A)− cos2(β − α)F(m2H ,m2A)
+ 3sin2(β − α) [F(m2Z ,m2H)−F(m2W ,m2H)−F(m2Z ,m2h) + F(m2W ,m2h)]} , (3.4.39)
43
Figure 3.6: T -parameter constraint at the 2σ confidence level in the heavy charged and neutral Higgs mass
plane in the Zee model. Here we have set the light charged scalar mass mh+ = 100 GeV. Different colored
regions correspond to different values of the mixing angle sinϕ between the charged Higgs bosons.
where the symmetric function F is given by
F(m21,m22) = F(m22,m21) ≡
1
2
(m21 +m
2
2)−
m21m
2
2
m21 −m22
ln
(
m21
m22
)
. (3.4.40)
In order to generate large NSI effects in the Zee model, the mixing between the singlet and the doublet
charged scalar, parametrized by the angle ϕ, should be significant. This mixing contributes to the gauge boson
self-energies and will therefore be bounded from the experimental value of the T parameter: T = 0.01±0.12 [287].
For simplicity, we assume no mixing between the neutral CP-even scalars h and H. Furthermore, we take the
heavy neutral CP-even (H) and odd (A) scalars to be degenerate in mass. In Fig. 3.6, we have shown our
results from the T parameter constraint, allowing for two standard deviation error bar, in the heavy neutral
and charged Higgs mass plane. Here we have fixed the light charged scalar mass mh+ = 100 GeV. As shown in
the figure, when the masses mH and mH± are nearly equal (along the diagonal), the T parameter constraint is
easily satisfied.
From Fig. 3.6, we also find that for specific values of mH and mH± , there is an upper limit on the mixing
sinϕ. This is further illustrated in Fig. 3.7. Here, the colored regions (both green and red) depict the allowed
parameter space inm+H−sinϕ plane resulting from the T parameter constraint. For example, if we setmH = 0.7
TeV, the maximum mixing that is allowed by T parameter is (sinϕ)max = 0.63. The mass splitting between the
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Figure 3.7: T -parameter constraint in the mixing and heavy charged scalar mass plane in the Zee model for
heavy neutral scalar masses mH = mA = 0.7 TeV. The colored regions (both green and red) are allowed by the
T -parameter constraint, while in the red shaded region, |λ4|, |λ5| > 3.0, which we discard from perturbativity
requirements.
heavy neutral and the charged Higgs bosons is governed by the relation (cf. Eqs. 3.4.24 and 3.4.28):
m2H± −m2H =
1
2
(λ5 − λ4)v2 . (3.4.41)
We choose λ5 = −λ4, which would maximize the mass splitting, as long as the quartic couplings remain
perturbative. The red region in Fig. 3.7 depicts the scenario where |λ4|, |λ5| > 3.0, which we discard from per-
turbativity requirements in a conservative approach. Satisfying this additional requirement that these couplings
be less than 3.0, we get an upper limit on sinϕ < 0.59. For the degenerate case mH± = mH with λ4 = λ5, the
upper limit is stronger: sinϕ < 0.49.
3.4.5 Charged lepton flavor violation constraints
Charged lepton flavor violation (cLFV) is an integral feature of the Lagrangian Eq. 3.4.14 of the model. We can
safely ignore cLFV processes involving the fαβ couplings which are assumed to be of the order of 10−8 or so to
satisfy the neutrino mass constraint, with Yαβ couplings being order one. Thus, we focus on cLFV proportional
to Yαβ . Furthermore, as noted before, NSI arise proportional to (Yee, Yµe, Yτe), where the first index refers to
the neutrino flavor and the second to the charged lepton flavor in the coupling of charged scalars h+ and H+.
After briefly discussing the cLFV constraints arising from other Yαβ , we shall focus on the set (Yee, Yµe, Yτe)
relevant for NSI. The neutral scalar bosons H and A will mediate cLFV of the type µ → 3e and τ → µee at
tree-level, while these neutral scalars and the charged scalars (h+, H+) mediate processes of the type µ → eγ
via one-loop diagrams. Both of these processes will be analyzed below. We derive limits on the couplings Yαβ
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Figure 3.8: One-loop Feynman diagrams contributing to `α → `β + γ process mediated by charged scalar
(left) and neutral scalar (right) in the Zee model.
as functions of the scalar masses. These limits need to be satisfied in the neutrino oscillation fit, see Sec. 3.4.13
for details. The constraints derived here will also be used to set upper limits of possible off-diagonal NSI. The
various processes considered and the limits derived are summarized in Tables 3.6 and 3.7. We now turn to the
derivation of these bounds.
A `α → `β + γ decays
The decay `α → `β + γ arises from one-loop diagrams shown in Fig. 3.8. The general expression for this
decay rate can be found in Ref. [133]. Let us focus on the special case where the FCNC coupling matrix Y of
Eq. (3.4.36) has nonzero entries either in a single row, or in a single column only. In this case, the chirality flip
necessary for the radiative decay will occur on the external fermion leg. Suppose that only the right-handed
component of fermion fα has nonzero Yukawa couplings with a scalar boson B and fermion F , parametrized as
−LY ⊃ B
2∑
α=1
YαβF βPRfα + H.c. (3.4.42)
The electric charges of fermions F and f are QF and Qf respectively, while that of the boson B is QB , which
obey the relation Qf = QF −QB . The decay rate for fα → fβ + γ is then given by
Γ(fα → fβ + γ) = α
4
|YαγY ?βγ |2
(16pi2)2
m5α
m4B
[QF ff (t) +QBfB(t)]
2
. (3.4.43)
Here α = e2/4pi is the fine-structure constant, t = m2F /m
2
B , and the function fF (t) and fB(t) are given by
fF (t) =
t2 − 5t− 2
12(t− 1)3 +
t logt
2(t− 1)4 ,
fB(t) =
2t2 + 5t− 1
12(t− 1)3 −
t2 logt
2(t− 1)4 . (3.4.44)
These expressions are obtained in the approximation mβ  mα.
Let us apply these results to `α → `β +γ mediated by the charged scalars (h+, H+) in the Zee model where
the couplings have the form Yαβ ν¯αPR`βh+ sinϕ, etc. Here QF = 0, while QB = +1. Eq. (3.4.43) then reduces
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Process Exp. bound Constraint
µ→ eγ BR < 4.2 ×10−13 [554] |Y ?µeYee| < 1.05× 10−3
(
mH
700 GeV
)2
τ → eγ BR < 3.3 ×10−8 [555] |Y ?τeYee| < 0.69
(
mH
700 GeV
)2
τ → µγ BR < 4.4 ×10−8 [555] |Y ?τeYµe| < 0.79
(
mH
700 GeV
)2
Table 3.6: Constraints on Yukawa couplings as a function of heavy neutral scalar mass from `α → `β + γ
processes.
to (with t 1)
Γ(h
+,H+)(`α → `β + γ) = α
4
|YγαY ?γβ |2
(16pi2)2
m5α
144
(
sin2 ϕ
m4h+
+
cos2 ϕ
m4H+
)
. (3.4.45)
If we set mh+ = 100 GeV, mH+ = 700 GeV and sinϕ = 0.7, then the experimental limit BR(µ → eγ) ≤
4.2 × 10−13 [134] implies |YαeY ?αµ| ≤ 6 × 10−5. Similarly, the limit BR(τ → eγ) ≤ 3.3 × 10−8 [555] implies
|YατY ?αe| ≤ 4 × 10−2, and the limit BR(τ → µγ) ≤ 4.4 × 10−8 [555] implies |YατY ?αµ| ≤ 4.6 × 10−2. These are
rather stringent constraints, which suggest that no more than one entry in a given row of Y can be large. Such
a choice does not however affect the maximum NSI, as the elements of Y that generate them are in the first
column of Y . Keeping only the entries (Yee, Yµe, Yτe) nonzero does not lead to `α → `β + γ decay mediated by
the charged scalars (h+, H+).
However, nonzero values of (Yee, Yµe, Yτe), needed for NSI, would lead to `α → `β + γ mediated by the
heavy neutral scalars. Taking H and A to be degenerate, the Yukawa couplings are of the form ¯`αPR`βH.
Thus, QF = −1 and QB = 0 in this case, leading to the decay width
Γ(H,A)(`α → `β + γ) = α
144
|YαγY ?βγ |2
(16pi2)2
m5α
m4H
. (3.4.46)
We show the constraints on these product of Yukawa couplings for a fixed mass of the neutral Higgs mH in
Table 3.6. The severe constraint coming from µ → eγ process prevents the off-diagonal NSI parameter εeµ
from being in the observable range. However, εeτ and εµτ can be in the observable range, consistent with these
constraints.
B Electron anomalous magnetic moment
Another potential constraint comes from anomalous magnetic moment of leptons (g − 2)α, which could get
contributions from both charged and neutral scalars in the Zee model. The heavy neutral scalar contribution
can be ignored here. For the Yukawa couplings relevant for NSI, the charged scalar contribution to muon g− 2
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Figure 3.9: Feynman diagram contributing to tree-level cLFV trilepton decay mediated by CP-even and odd
neutral scalars in the Zee model. At least two of the final state leptons must be of electron flavor to be relevant
for NSI.
is also absent. The only non-negligible contribution is to the electron g − 2, which can be written at one-loop
level as [137]
∆ae = −m
2
e
96pi
(Y †Y )ee
(
sin2 ϕ
m2h+
+
cos2 ϕ
m2H+
)
. (3.4.47)
Comparing this with ∆ae ≡ aexpe − aSMe = (−87± 36)× 10−14 (where ae ≡ (g − 2)e/2), based on the difference
between the experimental measurements [138] and SM calculations [139] with the updated value of the fine-
structure constant [140], we find that the charged scalar contribution 3.4.47 goes in the right direction. However,
for the allowed parameter space in mh+ − Yee sinϕ plane (see Fig. 3.18), it turns out to be too small to explain
the 2.4σ discrepancy in ∆ae. For example, with |Yτe| sinϕ = 0.75 and mh+ = 150 GeV, which is a consistent
choice (cf. Fig. 3.18), we would get ∆ae = −2.2 × 10−14, an order of magnitude too small to be relevant for
experiments.
C `α → ¯`β`γ`δdecays
The Yukawa coupling matrix Y of the second Higgs doublet (cf. Eq. (3.4.36)) would lead to trilepton decay
of charged leptons mediated by the neutral scalars of the theory. The tree-level Feynman diagrams for such
decays are shown in Fig. 3.9. Partial rates for the trilepton decays are obtained in the limit when the masses
of the decay products are neglected. The partial decay width for µ→ e¯ee is given as follows:
Γ(µ− → e+e−e−) = 1
6144pi3
|Y ?µe Yee|2
m5µ
m4H
. (3.4.48)
The partial decay width for τ → ¯`α`β`γ is given by
Γ
(
τ → ¯`α`β`γ
)
=
1
6144pi3
S |Y ?ταYβγ |2
m5τ
m4H
. (3.4.49)
Here S = 1 (2) for β = γ (β 6= γ) is a symmetry factor. Using the total muon and tau decay widths,
Γtotµ = 3.00× 10−19 GeV and Γtotτ = 2.27× 10−12 GeV respectively, we calculate the cLFV branching ratios for
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Process Exp. bound Constraint
µ− → e+e−e− BR < 1.0 ×10−12 [141] |Y ?µeYee| < 3.28× 10−5
(
mH
700 GeV
)2
τ− → e+e−e− BR < 1.4 ×10−8 [142] |Y ?τeYee| < 9.05× 10−3
(
mH
700 GeV
)2
τ− → e+e−µ− BR < 1.1 ×10−8 [142] |Y ?τeYµe| < 5.68× 10−3
(
mH
700 GeV
)2
Table 3.7: Constraints on Yukawa couplings as a function of heavy neutral scalar mass from `α → ¯`β`γ`δ
decay (with at least two of the final state leptons of electron flavor to be relevant for NSI).
the processes µ− → e+e−e−, τ− → e+e−e− and τ− → e+e−µ− using Eqs. 3.4.48 and 3.4.49. We summarize
in Table 3.7 the current experimental bounds on these branching ratios and the constraints on the Yukawa
couplings Yαβ as a function of mass of neutral Higgs boson mH = mA. It is clear from Table 3.7 that these
trilepton decays put more stringent bounds on product of Yukawa couplings compared to the bounds arising
from loop-level `α → `βγ decays. This also implies that off-diagonal NSI are severely constrained.
As already noted, the light charged Higgs h+ would mediate `α → `β + γ decay if more than one entry in a
given row of Y is large. The heavy neutral Higgs bosons mediate trilepton decays of the leptons when there are
more than one nonzero entry in the same column (or same row) of Y . This last statement is however not valid
for the third column of Y . For example, nonzero Yττ and Yµτ will not lead to tree-level trilepton decay of τ .
Apart from the first column of Y , we shall allow nonzero entries in the third column as well. In particular, for
diagonal NSI εαα, we need one Yαe entry for some α to be nonzero, and to avoid the trilepton constraints, the
only other entry that can be allowed to be large is Yβτ with β 6= α. On the other hand, for off-diagonal NSI εαβ
(with α 6= β), we must allow for both Yαe and Yβe to be non-zero. In this case, however, the trilepton decay
`β → `αee is unavoidable and severely restricts the NSI as we will see in Sec. 3.4.12. Also, the other entry that
can be populated is Yγτ with γ 6= α, β. This will lead to τ → `+ γ decays, which, however, do not set stringent
limits on the couplings (cf. Table 3.6). Some benchmark Yukawa textures satisfying all cLFV constraints are
considered in Sec. 3.4.13 to show consistency with neutrino oscillation data.
3.4.6 Collider constraints on heavy neutral scalar mass
A LEP contact interaction
Electron-positron collisions at center-of-mass energies above the Z-boson mass performed at LEP impose strin-
gent constraints on contact interactions involving e+e− and a pair of fermions [143]. Integrating out new particles
in a theory one can express their effect via higher-dimensional (generally dimension-6) operators. An effective
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Lagrangian, Leff , can parametrize the contact interaction for the process e+e− → ff¯ with the form [144]
Leff = g
2
Λ2(1 + δef )
∑
i,j=L,R
ηfij(e¯iγ
µei)(f¯jγµfj) , (3.4.50)
where δef is the Kronecker delta function, f refers to the final sate fermions, g is the coupling strength, Λ is
the new physics scale and ηfij = ±1 or 0, depending on the chirality structure. LEP has put 95% confidence
level (CL) lower limits on the scale of the contact interaction Λ assuming the coupling g =
√
4pi [143]. In the
Zee model, the exchange of new neutral scalars (H and A) emerging from the second Higgs doublet will affect
the process e+e− → `+α `−β (with `α,β = e, µ, τ), and therefore, the LEP constraints on Λ can be interpreted as a
lower limit on the mass of the heavy neutral scalar, for a given set of Yukawa couplings. Here we assume that
H and A are degenerate, and derive limits obtained by integrating out both fields.
In general, for `+α `
−
β → `+γ `−δ via heavy neutral scalar exchange, the effective Lagrangian in the Zee model
can be written as
LZeeeff =
YαδY
?
βγ
m2H
(¯`αL`δR)(¯`βR`γL) . (3.4.51)
By Fierz transformation, we can rewrite it in a form similar to Eq. 4.4.27:
LZeeeff = −
1
2
YαδY
?
βγ
m2H
(¯`αLγ
µ`γL)(¯`βRγµ`γR) . (3.4.52)
Thus, the only relevant chirality structures in Eq. 4.4.27 are LR and RL, and the relevant process for deriving
the LEP constraints is e+e− → `+α `−α :
Leff = g
2
Λ2(1 + δeα)
[
η`LR(e¯Lγ
µeL)(¯`αRγµ`αR) + η
`
RL(e¯Rγ
µeR)(¯`αLγµ`αL)
]
, (3.4.53)
with η`LR = η
`
RL = −1.
Now for e+e− → e+e−, Eq. 3.4.52 becomes
LZeeeff (e+e− → e+e−) = −
|Yee|2
2m2H
(e¯Lγ
µeL)(e¯RγµeR) . (3.4.54)
Comparing this with Eq. 4.4.28, we obtain
mH
|Yee| =
Λ−LR/RL√
2g
, (3.4.55)
where Λ− corresponds to Λ with η`LR = η
`
RL = −1. The LEP constraints on Λ were derived in Ref. [143] for
g =
√
4pi, which can be translated into a lower limit on mH/|Yee| using Eq. 3.4.55, as shown in Table 3.8.
Similarly, for e+e− → µ+µ−, Eq. 3.4.52 is
LZeeeff (e+e− → µ+µ−) = −
1
2m2H
[|Yeµ|2(e¯LγµeL)(µ¯RγµµR) + |Yµe|2(e¯RγµeR)(µ¯LγµµL)] . (3.4.56)
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Process LEP bound [143] Constraint
e+e− → e+e− Λ−LR/RL > 10 TeV mH|Yee| > 1.99 TeV
e+e− → µ+µ− Λ−LR/RL > 7.9 TeV mH|Yµe| > 1.58 TeV
e+e− → τ+τ− Λ−LR/RL > 2.2 TeV mH|Yτe| > 0.44 TeV
Table 3.8: Constraints on the ratio of heavy neutral scalar mass and the Yukawa couplings from LEP contact
interaction bounds.
Since for NSI, only Yµe (neutrino interaction with electron) is relevant, we can set Yeµ → 0, and compare
Eq. 3.4.56 with Eq. 4.4.28 to get a constraint on mH/|Yµe|, as shown in Table 3.8. Similarly, for e+e− → τ+τ−,
we can set Yeτ → 0 and translate the LEP limit on Λ− into a bound on mH/|Yτe|, as shown in Table 3.8.
The LEP constraints from the processes involving qq¯ final states, such as e+e− → cc¯ and e+e− → bb¯, are
not relevant in our case, since the neutral scalars are leptophilic. We will use the limits quoted in Table 3.8
while deriving the maximum NSI predictions in the Zee model.
B LEP constraints on light neutral scalar
The LEP contact interaction constraints discussed in Sec. 3.4.6 are not applicable if the neutral scalars H
and A are light. In this case, however, the cross section of e+e− → `+α `−α can still be modified, due to
the t-channel contribution of H/A, which interferes with the SM processes. We implement our model file in
FeynRules package [145] and compute the e+e− → `+α `−α cross-sections in the Zee model at the parton-level using
MadGraph5 event generator [561]. These numbers are then compared with the measured cross sections [143,147]
to derive limits on mH/A as a function of the Yukawa couplings Yαe (for α = e, µ, τ). For a benchmark value of
mH = mA = 130 GeV, we find the following constraints on the Yukawa couplings Yαe relevant for NSI:
Yee < 0.80 , Yµe < 0.74 , Yτe < 0.73 . (3.4.57)
This implies that the second charged scalar H+ can also be light, as long as it is allowed by other constraints
(see Fig. 3.11). We will use this finding to maximize the NSI prediction for the Zee model (see Sec. B).
C LHC constraints
Most of the LHC searches for heavy neutral scalars are done in the context of either MSSM or 2HDM, which
are not directly applicable in our case because H and A do not couple to quarks, and therefore, cannot be
produced via gluon fusion. The dominant channel to produce the neutral scalars in our case at the LHC is
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via an off-shell Z boson: pp → Z? → HA → `+`−`+`−.1 Most of the LHC multilepton searches assume a
heavy ZZ(?) resonance [149, 150], which is not applicable in this case. The cross section limits from inclusive
multilepton searches, mostly performed in the SUSY context with large missing transverse energy [151, 152],
turn out to be weaker than the LEP constraints derived above.
3.4.7 Collider constraints on light charged scalar
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Z/γ
e−
e−
να
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Figure 3.10: Feynman diagrams for pair- and single-production of singly-charged scalars h± at e+e− collider.
In this section, we discuss the collider constraints on the light charged scalar h± in the Zee model from
various LEP and LHC searches.
A Constraints from LEP searches
At LEP, h± can be pair-produced through the s-channel Drell-Yan process mediated by either γ or Z boson
(see Fig. 3.10 (a)). It can also be pair-produced through the t-channel processes mediated by a light neutrino
(see Fig. 3.10 (b)). In addition, it can be singly-produced either in association with a W boson (see Fig. 3.10
(c)) or via the Drell-Yan channel in association with leptons (see Fig. 3.10 (d)).
It is instructive to write down the explicit formula for the pair-production (Figs. 3.10 (a) and 3.10 (b) cross
section:
σ(e+e− → h+h−) = β
3
48pis
[
e4 +
g4
8c4w
(1− 4s2w + 8s4w)
(
s2w −
1
2
sin2 ϕ
)2
s2
(s−m2Z)2 + Γ2Zm2Z
+
e2g2
2c2w
(4s2w − 1)
(
s2w −
1
2
sin2 ϕ
)
s(s−m2Z)
(s−m2Z)2 + Γ2Zm2Z
]
1Only the (H
↔
∂ µA)Zµ coupling is nonzero, while the (H
↔
∂ µH)Zµ and (A
↔
∂ µA)Zµ couplings vanish due to parity [148].
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+
|Yαe|4
32pis
[
−β + 1
2
(1 + β2) ln
1 + β
1− β
]
− |Yαe|
2
128pis
[
2β(1 + β2)− (1− β2)2 ln 1 + β
1− β
]
×
[
e2 +
g2
c2w
(
s2w −
1
2
sin2 ϕ
)
(2s2w − 1)
s(s−m2Z)
(s−m2Z)2 + Γ2Zm2Z
]
, (3.4.58)
where β =
√
1− 4m2h+/s, s is the squared center-of-mass energy, e and g are the electromagnetic and SU(2)L
coupling strengths, respectively, and cw ≡ cos θw, sw ≡ sin θw (θw being the weak mixing angle). Note that the
t-channel cross section depends on the Yukawa coupling Yαe, and it turns out there is a destructive interference
between the s and t-channel processes. Similarly, the differential cross section for the production of h±W∓
(Fig. 3.10 (c)) is given by
dσ(e+e− → h±W∓)
d cos θ
=
g2|Yee|2
64pis
λ1/2
(
1,
m2h+
s
,
m2W
s
)
× A cos
2 θ +B cos θ + C[
1− m
2
h+
+m2W
s − λ1/2
(
1,
m2
h+
s ,
m2W
s
)
cos θ
]2 , (3.4.59)
where θ is the angle made by the outgoing h± with respect to the initial e−-beam direction, λ(x, y, z) =
x2 + y2 + z2 − 2xy − 2xz − 2yz, and
A =
s
4m2W
[
1− (mh+ −mW )
2
s
] [
1− (mh+ +mW )
2
s
] [
1− 2m
2
W
s
]
(3.4.60)
B = − s
2m2W
(
1− m
2
h+ +m
2
W
s
)
λ1/2
(
1,
m2h+
s
,
m2W
s
)
, (3.4.61)
C =
s
4m2W
(
1− 2m
2
h+
s
− 3m
4
W
s2
− 2m
2
h+m
2
W
s2
+
2m6W
s3
− 2m
2
h+m
4
W
s3
+
m4h+
s2
+
m4h+m
2
W
s3
)
. (3.4.62)
The analytic cross section formula for the single-production of charged Higgs via Drell-Yan process (Fig. 3.10
(d)) is more involved due to the three-body phase space and is not given here. We implement our model file
in FeynRules package [145] and compute all the cross-sections at the parton-level using MadGraph5 event
generator [561].
Once produced on-shell, the charged scalar will decay into the leptonic final states να`β through the Yukawa
coupling Yαβ . Since we are interested in potentially large NSI effects, the charged scalar must couple to the
electron. Due to stringent constraints from cLFV processes, especially the trilepton cLFV decays (see Table 3.7),
which is equally applicable for the product of two Yukawa entries either along a row or column, both Yαe and
Yαµ (or Yαe and Yβe) cannot be large simultaneously. So we consider the case where BReν + BRτν = 100% and
BRµν is negligible, in order to avoid more stringent limits from muon decay.1
Electron channel: For a given charged scalar decay branching ratio to electrons, BReν , we can reinterpret
the LEP selectron searches [153] to put a constraint on the charged scalar mass as a function of BReν . In
1This choice is consistent with the observed neutrino oscillation data (see Sec. 3.4.13).
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particular, the right-handed selectron pair-production e+e− → e˜Re˜R, followed by the decay of each selectron to
electron and neutralino, e˜R → eR + χ˜0, will mimic the e+e−νν¯ final state of our case in the massless neutralino
limit. So we use the 95% CL observed upper limits on the e˜Re˜R production cross section [153] for mχ˜ = 0 as
an experimental upper limit on the quantity
σ˜ee ≡ σ(e+e− → h+h−)BR2eν + σ(e+e− → h±W∓)BReνBRW→eν , (3.4.63)
and derive the LEP exclusion region in the plane of charged scalar mass and BReν , as shown in Fig. 3.11 (a)
by the orange-shaded region. Here we have chosen Yee sinϕ = 0.1 and varied Yτα (with α = µ or τ) to get the
desired branching ratios. We find that for BReν = 1, charged scalar masses less than 100 GeV are excluded.
For BReν < 1, these limits are weaker, as expected, and the charged scalar could be as light as 97 GeV (for
BReν = 0.33), if we just consider the LEP selectron (as well as stau, see below) searches.
Fig. 3.11 (b) shows the same constraints as in Fig. 3.11 (a), but for the case of Yee sinϕ = 0.2. The LEP
selectron constraints become stronger as we increase Yee and extend to smaller BReν . However, the mass limit
of 100 GeV for BReν = 1 from Fig. 3.11 (a) still holds here. This is because the charged scalar pair-production
cross section drops rapidly for mh+ > 100 GeV due to the kinematic threshold of LEP II with
√
s = 209
GeV and is already below the experimental cross section limit even for Yee sinϕ = 0.2. In this regime, the
single-production channel in Fig. 3.10 (d) starts becoming important, despite having a three-body phase space
suppression.
Figs. 3.11 (c) and 3.11 (d) show the same constraints as in Fig. 3.11 (a) and 3.11 (b) respectively, but for the
Yee = 0 case. Here we have fixed Yτe sinϕ and varied Yτα (with α = e or µ) to get the desired branching ratios.
In this case, the single-production channel in association with the W boson (cf. Fig. 3.10 (c)) goes away, and
therefore, the limits from selectron and stau searches become slightly weaker. Note that for the NSI purpose,
we must have a non-zero Yαe (for α = e, µ or τ). Therefore, the t-channel contribution to the pair-production
(cf. Fig. 3.10 (b)), as well as the Drell-Yan single-production channel are always present.1
Tau channel: In the same way, we can also use the LEP stau searches [153] to derive an upper limit on
σ˜ττ ≡ σ(e+e− → h+h−)BR2τν + σ(e+e− → h±W∓)BRτνBRW→τν (3.4.64)
and the corresponding LEP exclusion region in the plane of charged scalar mass and BRτν , as shown in Fig. 3.11
by the blue shaded region. We find that for BRτν = 1, charged scalar masses less than 104 (105) GeV are
excluded for Yee sinφ = 0.1 (0.2).
For BRτν 6= 0, a slightly stronger limit can be obtained from the LEP searches for the charged Higgs boson
1This might be the reason why the LEP limits derived here are somewhat more stringent than those reported in Ref. [154],
which presumably only considered the s-channel contribution.
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pairs in the 2HDM [155]. Their analysis focused on three kinds of final states, namely, τντν, cs¯τν (or c¯sτν)
and cs¯c¯s, under the assumption that BRτν + BRcs¯ = 1, which is valid in the 2HDM as the couplings of the
charged Higgs boson to the SM fermions are proportional to the fermion masses. In our case, the observed LEP
upper limit on σ(e+e− → h+h−)BR2τν for BRτν = 1 can be recast into an upper limit on
σhττ ≡ σ(e+e− → h+h−)BR2τν + σ(e+e− → h±W∓)BRτνBRW→τν (3.4.65)
and the corresponding exclusion region is shown in Fig. 3.11 by the green shaded region. We can also use the
LEP cross section limit on cs¯τν for BRτν 6= 1 as an upper limit on σ(e+e− → h±W∓)BRτνBRW→cs¯ and the
corresponding exclusion region is shown in Fig. 3.11 by the cyan shaded region, which is found to be weaker
than the τντν mode.
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Figure 3.11: Collider constraints on light charged scalar h± in the Zee model for (a) Yee sinϕ = 0.1, (b)
Yee sinϕ = 0.2, (c) Yee sinϕ = 0, Yτe sinϕ = 0.1, and (d) Yee sinϕ = 0, Yτe sinϕ = 0.2. We plot the h±
branching ratios to τν and eν (with the sum being equal to one) as a function of its mass. All shaded regions
are excluded: Blue and orange shaded regions from stau and selectron searches at LEP (see Sec. A); purple
region from selectron searches at LHC (see Sec. B); yellow, brown, and pink regions from W universality tests
in LEP data for µ/e, τ/e, and τ/µ sectors respectively (see Sec. 3.4.8); light green and gray regions from tau
decay universality and lifetime constraints respectively (see Sec. 3.4.9). The W universality constraints do not
apply in panels (b) and (c), because the h±W∓ production channel in Fig. 3.10 (c) vanishes in the Yee → 0
limit. 56
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Figure 3.12: Feynman diagrams for pair production and single production of singly-charged scalars h± at
LHC.
B Constraints from LHC searches
As for the LHC constraints, there is no t-channel contribution to the singlet charged scalar production. The only
possible channel for pair-production is the s-channel Drell-Yan process pp→ γ?/Z? → h+h− (see Fig. 3.12 (a)),
followed by the leptonic decay of h± → `ν. There are also single-production processes as shown in Fig. 3.12 (b)-
(d), which turn out to be less important. The relevant LHC searches are those for right-handed selectrons/staus:
pp→ ˜`+R ˜`−R → `+Rχ˜0`−Rχ˜0, which will mimic the `+ν`−ν final states from h+h− decay in the massless neutralino
limit. The
√
s = 13 TeV LHC stau searches focus on the stau mass range above 100 GeV and it turns out that
the current limits [156] on the stau pair-production cross section are still a factor of five larger than the h+h−
pair-production cross section in our case; therefore, there are no LHC limits from the tau sector. A
√
s = 8 TeV
ATLAS analysis considered the mass range down to 80 GeV [157]; however, the observed cross section is still
found to be larger than the theoretical prediction in our case even for BRτν = 1.
As for the selectron case, we take the
√
s = 13 TeV CMS search [158], which focuses on the selectron masses
above 120 GeV, and use the observed cross section limit on σ(pp → e+Rχ˜0e−Rχ˜0) to derive an upper limit on
σ(pp→ h+h−)BR2eν , which can be translated into a bound on the charged scalar mass, as shown in Fig. 3.11 by
the purple shaded regions. It is evident that the LHC limits can be evaded by going to larger BRτν & 0.4, which
can always be done for any given Yukawa coupling Yαe by choosing an appropriate Yβτ . This however may not
be the optimal choice for NSI, especially for Yee 6= 0, where the lepton universality constraints restrict us from
having a larger BRτν . Thus, the LHC constraints will be most relevant for εee, as we will see in Fig. 3.18 (a).
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3.4.8 Constraints from lepton universality in W± decays
The presence of a light charged Higgs can also be constrained from precision measurements of W boson decay
rates. The topology of the charged Higgs pair production h+h− (Fig. 3.10 (a) and 3.10 (b)) and the associated
production h±W∓ (Fig. 3.10 (c)) is very similar to theW+W− pair production at colliders, if the charged Higgs
mass is within about 20 GeV of the W boson mass. Thus, the leptonic decays of the charged Higgs which are
not necessarily flavor-universal can be significantly constrained from the measurements of lepton universality in
W decays. From the combined LEP results [159], the constraints on the ratio of W branching ratios to leptons
of different flavors are as follows:
Rµ/e =
Γ(W → µν)
Γ(W → eν) = 0.986± 0.013 , (3.4.66)
Rτ/e =
Γ(W → τν)
Γ(W → eν) = 1.043± 0.024 , (3.4.67)
Rτ/µ =
Γ(W → τν)
Γ(W → µν) = 1.070± 0.026 . (3.4.68)
Note that while the measured value of Rµ/e agrees with the lepton universality prediction of the SM, RSMµ/e = 1,
within 1.1σ CL, the W branching ratio to tau with respect to electron is about 1.8σ and to muon is about 2.7σ
away from the SM prediction: RSMτ/` = 0.9993 (with ` = e, µ), using the one-loop calculation of Ref. [160].
The best LEP limits on lepton universality in W decays come from the W+W− pair-production channel,
where one W decays leptonically, and the other W hadronically, i.e., e+e− →W+W− → `νqq¯′ [159]. However,
due to the leptophilic nature of the charged Higgs h± in our model, neither the e+e− → h+h− channel (Figs. 3.10
(a) and 3.10 (b)) nor the Drell-Yan single-production channel (Fig. 3.10 (d)) will lead to `νqq¯ final state. So
the only relevant contribution to the W universality violation could come from the h±W∓ production channel
(Fig. 3.10 (c)), with the W decaying hadronically and h± decaying leptonically. The pure leptonic channels
(eνeν and µνµν) have ∼ 40% uncertainties in the measurement and are therefore not considered here.
Including the h±W∓ contribution, the modified ratios R`/`′ can be calculated as follows:
R`/`′ =
σ(W+W−)BRWqq¯′BR
W
`ν + σ(h
±W∓)BRWqq¯′BR`ν
σ(W+W−)BRWqq¯′BR
W
`′ν + σ(h
±W∓)BRWqq¯′BR`′ν
, (3.4.69)
where σ(W+W−) and σ(h±W∓) are the production cross sections for e+e− → W+W− and e+e− → h±W∓
respectively, BRW`ν denotes the branching ratio of W → `ν (with ` = e, µ, τ), whereas BR`ν denotes the
branching ratio of h± → `ν as before (with ` = e, τ). At LEP experiment, the W+W− pair production cross
section σW+W− is computed to be 17.17 pb at
√
s = 209 GeV [159]. Within the SM, W± decays equally
to each generation of leptons with branching ratio of 10.83% and decays hadronically with branching ratio of
67.41% [287]. We numerically compute using MadGraph5 [561] the h±W∓ cross section at
√
s = 209 GeV as
a function of mh± and BR`ν , and compare Eq. 3.4.69 with the measured values given in Eqs. 3.4.66-3.4.68
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Figure 3.13: Feynman diagram for the new decay mode of the τ lepton mediated by light charged scalar in
the Zee model.
to derive the 2σ exclusion limits in the mh+ -BR`ν plane. This is shown in Figs. 3.11 (a) and 3.11 (b) by
yellow, brown, and pink shaded regions for µ/e, τ/e, and τ/µ universality tests, respectively. Note that these
constraints are absent in Figs. 3.11 (c) and 3.11 (d), because when Yee = 0, there is no W±h∓ production at
LEP (cf. Fig. 3.10 (c) in the Zee model. But when Yee is relatively large, these constraints turn out to be some
of the most stringent ones in the mh+ -BR`ν plane shown in Figs. 3.11 (a) and 3.11 (b), and rule out charged
scalars below 110 GeV (129 GeV) for Yee sinϕ = 0.1 (0.2). These constraints are not applicable for mh± > 129
GeV, because h±W∓ can no longer be produced on-shell at LEP II with maximum
√
s = 209 GeV.
As mentioned before, the measured W branching ratio to tau with respect to muon is 2.7σ above the SM
prediction. Since in our case, h± decays to either eν or τν, but not µν, this contributes to Rτµ only in the
numerator, but not in the denominator. Therefore, the 2.7σ discrepancy can be explained in this model, as shown
by the allowed region between the upper and lower pink-dashed curves in Fig. 3.11 (a) with Yee sinϕ = 0.1.1
The upper pink-shaded region with larger BRτν gives Rτµ > 1.122, which is above the allowed 2σ range given
in Eq. 3.4.68. On the other hand, the lower pink-shaded region with smaller BRτν gives Rτµ < 1.018, which
is below the allowed 2σ range given in Eq. 3.4.68. For larger Yukawa coupling Yee, as illustrated in Fig. 3.11
(b) with Yee sinϕ = 0.2, the whole allowed range of parameter space from Rτ/µ shifts to lower values of BRτν .
This is because the h±W∓ production cross section σ(h±W∓) in Eq. 3.4.69 is directly proportional to |Yee|2,
and therefore, for a large Yee, a smaller BRτν would still be compatible with the Rτ/µ-preferred range.
3.4.9 Constraints from tau decay lifetime and universality
In order to realize a light charged scalar h− consistent with LEP searches, we have assumed that the decay
h− → τ ν¯β proceeds with a significant branching ratio. h− also has coupling with eν¯α, so that non-negligible
NSI is generated. When these two channels are combined, we would get new decay modes for the τ lepton, as
1Light charged scalar has been used to address the lepton universality issue in W decays in Ref. [161].
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shown in Fig. 3.13. This will lead to deviation in τ -lifetime compared to the SM expectation. The new decay
modes will also lead to universality violation in τ decays, as the new modes preferentially lead to electron final
states. Here we analyze these constraints and evaluate the limitations these pose for NSI.
The effective four-fermion Lagrangian relevant for the new τ decay mode is given by
Leff = (ν¯LαeR)(τ¯RνLβ)YαeY ?βτ
sin2 ϕ
m2h+
. (3.4.70)
This can be recast, after a Fierz transformation, as
Leff = −1
2
(ν¯LαγµνLβ)(τ¯Rγ
µeR)YαeY
?
βτ
sin2 ϕ
m2h+
. (3.4.71)
This can be directly compared with the SM τ decay Lagrangian, given by
LSM = 2
√
2GF (ντLγµντL)(τ¯Lγ
µeL) . (3.4.72)
It is clear from here that the new decay mode will not interfere with the SM model (in the limit of ignoring the
lepton mass), since the final state leptons have opposite helicity in the two decay channels. The width of the τ
lepton is now increased from its SM value by a factor 1 + ∆, with ∆ given by [162]
∆ =
1
4
|gsRR|2 , (3.4.73)
where
gsRR = −
YαeY
?
βτ sin
2 ϕ
2
√
2GFm2h+
. (3.4.74)
The global fit result on τ lifetime is ττ = (290.75± 0.36)× 10−15 s, while the SM prediction is τSMτ = (290.39±
2.17)× 10−15 s [287]. Allowing for 2σ error, we find ∆ ≤ 1.5%. If the only decay modes of h− are h− → ν¯αe−
and h− → ν¯βτ−, then we can express |Yβτ |2 in terms of |Yαe|2 as
|Yβτ |2 = |Yαe|2 BR(h
− → τν)
BR(h− → eν) . (3.4.75)
Using this relation, we obtain
∆ = |εαα|2 BR(h
− → τν)
BR(h− → eν) , (3.4.76)
where εαα is the diagonal NSI parameter for which the expression is derived later in Eq. 3.4.92. Therefore, a
constraint on ∆ from the tau lifetime can be directly translated into a constraint on εαα:
|εαα| ≤ 12.2%
√
BR(h− → eν)
BR(h− → τν) . (3.4.77)
An even stronger limit is obtained from e−µ universality in τ decays. The experimental central value prefers
a slightly larger width for τ → µνν compared to τ → eνν. In our scenario, h− mediation enhances τ → eνν
relative to τ → µνν. We have in this scenario
Γ(τ → µνν)
Γ(τ → eνν) = 1−∆ , (3.4.78)
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Figure 3.14: (a) New contribution to h → γγ decay mediated by charged scalar loop. (b) New contribution
to h→ 2`2ν via the exotic decay mode h→ h±h∓?.
which constrains ∆ ≤ 0.002, obtained by using the measured ratio Γ(τ→µνν)Γ(τ→eνν) = 0.9762 ± 0.0028 [287], and
allowing 2σ error. This leads to a limit
|εαα| ≤ 4.5%
√
BR(h− → eν)
BR(h− → τν) . (3.4.79)
In deriving the limits on a light charged Higgs mass from LHC constraints, we have imposed the τ decay
constraint as well as the universality constraint on ∆, see Fig. 3.11. Avoiding the universality constraint by
opening up the τ → µνν channel will not work, since that will be in conflict with µ → eνν constraints, which
are more stringent.
The Michel parameters in τ decay will now be modified [163]. While the ρ and δ parameters are unchanged
compared to their SM value of 3/4, ξ is modified from its SM value of 1 to
ξ = 1− 1
2
|gsRR|2 . (3.4.80)
However, the experimental value is ξ = 0.985± 0.030 [287], which allows for significant room for the new decay.
Again, our choice of Yukawa couplings does not modify the µ → eνν decay, and is therefore, safe from the
Michel parameter constraints in the muon sector, which are much more stringent.
3.4.10 Constraints from Higgs precision data
In this subsection, we analyze the constraints on light charged scalar from LHC Higgs precision data. Both
ATLAS and CMS collaborations have performed several measurements of the 125 GeV Higgs boson production
cross sections and branching fractions at the LHC, both in Run I [164] and Run II [165, 166]. Since all the
measurements are in good agreement with the SM expectations, any exotic contributions to either production or
decay of the SM-like Higgs boson will be strongly constrained. In the Zee model, since the light charged scalar
is leptophilic, it will not affect the production rate of the SM-like Higgs h (which is dominated by gluon fusion
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via top-quark loop). However, it gives new contributions to the loop-induced h→ γγ decay (see Fig. 10.7 (a))
and mimics the tree-level h → WW ? → 2`2ν channel via the exotic decay mode h → h±h∓? → h±`ν → 2`2ν
(see Fig. 10.7 (b)). Both these contributions are governed by the effective hh+h− coupling given by
λhh+h− = −
√
2µ sinϕ cosϕ+ λ3v sin
2 ϕ+ λ8v cos
2 ϕ . (3.4.81)
Therefore, the Higgs precision data from the LHC can be used to set independent constraints on these Higgs
potential parameters, as we show below.
The Higgs boson yield at the LHC is characterized by the signal strength, defined as the ratio of the measured
Higgs boson rate to its SM prediction. For a specific production channel i and decay into specific final states
f , the signal strength of the Higgs boson h can be expressed as
µif ≡
σi
(σi)SM
BRf
(BRf )SM
≡ µi · µf , (3.4.82)
where µi (with i = ggF, VBF, V h, and tt¯h) and µf (with f = ZZ?,WW ?, γγ, τ+τ−, bb¯) are the production and
branching rates relative to the SM predictions in the relevant channels. As mentioned above, the production
rate does not get modified in our case, so we will set µi = 1 in the following. As for the decay rates, the addition
of the two new channels shown in Fig. 10.7 will increase the total Higgs decay width, and therefore, modify the
partial widths in all the channels.
To derive the Higgs signal strength constraints on the model parameter space, we have followed the procedure
outlined in Ref. [117, 635], using the updated constraints on signal strengths reported by ATLAS and CMS
collaboration for all individual production and decay modes at 95% CL, based on the
√
s = 13 TeV LHC
data. The individual analysis by each experiment examines a specific Higgs boson decay mode corresponding
to various production processes. We use the measured signal strengths in the following dominant decay modes
for our numerical analysis: h→ γγ [168–171], h→ ZZ? [172,173], h→WW ? [174–176], h→ ττ [177,178] and
h→ bb¯ [179–181].
We formulate the modified h→ γγ decay rate as
Γ(h→ γγ) = κ2γΓ(h→ γγ)SM , (3.4.83)
where the scaling factor κγ is given by
κγ =
∑
f N
f
c Q
2
fA1/2(τf ) +A1(τW ) +
λhh+h−v
2m2h+
A0(τh+)∑
f N
f
c Q2fA1/2(τf ) +A1(τW )
, (3.4.84)
where Nfc = 3 (1) is the color factor for quark (lepton),
∑
f is the sum over the SM fermions f with charge Qf ,
and the loop functions are given by [633]
A0(τ) = −τ + τ2f(τ), (3.4.85)
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A1/2(τ) = 2τ [1 + (1− τ)f(τ)], (3.4.86)
A1(τ) = −2− 3τ [1 + (2− τ)f(τ)], (3.4.87)
with f(τ) =

arcsin2
(
1√
τ
)
, if τ ≥ 1
−1
4
[
log
1 +
√
1− τ
1−√1− τ − ipi
]2
, if τ < 1 .
(3.4.88)
The parameters τi = 4m2i /m2h are defined by the corresponding masses of the heavy particles in the loop. For
the fermion loop, only the top quark contribution is significant, with the next leading contribution coming from
the bottom quark which is an 8% effect. Note that the new contribution in Eq. 3.4.84 due to the charged scalar
can interfere with the SM part either constructively or destructively, depending on the sign of the effective
coupling λhh+h− in Eq. 3.4.81.
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Figure 3.15: Constraints from the Higgs boson properties in λ8− sinϕ plane in the Zee model (with λ3 = λ8).
The red, cyan, green, yellow, and purple shaded regions are excluded by the signal strength limits for various
decay modes (γγ, ττ, bb¯, ZZ?,WW ?) respectively. The white unshaded region simultaneously satisfies all the
experimental constraints. Gray shaded region (only visible in the upper right panel) is excluded by total decay
width constraint.
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As for the new three-body decay mode h→ h±h∓? → h±`ν, the partial decay rate is given by
Γ(h→ h+`−ν¯) = |λhh+h− |
2
64pi3mh
Tr(Y †Y )
∫ 1
2 (1+r)
√
r
dx
(1− 2x+ r)√x2 − r
(1− 2x)2 + r
2Γ2
h+
m2h
, (3.4.89)
where Y is the Yukawa coupling defined in Eq. 3.4.32, Γh+ = Tr(Y †Y )mh+/8pi is the total decay width of h+,
and r = m2h+/m
2
h. With this new decay mode, the signal strength in the h→ 2`2ν channel will be modified to
include Γ(h→ h±`ν → 2`2ν) along with the SM contribution from Γ(h→WW ? → 2`2ν), and to some extent,
from Γ(h→ ZZ? → 2`2ν).
The partial decay widths of h in other channels will be the same as in the SM, but their partial widths
will now be smaller, due to the enhancement of the total decay width. A comparison with the measured signal
strengths therefore imposes an upper bound on the effective coupling λhh±h∓ which is a function of the cubic
coupling µ, quartic couplings λ3 and λ8, and the mixing angle sinϕ (cf. Eq. 12.5.51). For suppressed effective
coupling λhh±h∓ to be consistent with the Higgs observables, we need some cancellation between the cubic and
quartic terms. In order to have large NSI effect, we need sufficiently large mixing sinϕ, which implies large
value of µ (cf. Eq. 3.4.26). In order to find the maximum allowed value of sinϕ, we take λ3 = λ8 in Eq. 12.5.51
and show in Fig. 3.15 the Higgs signal strength constraints in the λ8− sinϕ plane. The red, blue, yellow, cyan,
and green shaded regions are excluded by the signal strength limits γγ,WW ?, ZZ?, ττ , and bb¯ decay modes,
respectively. We have fixed the light charged Higgs mass at 100 GeV, and the different panels are for different
benchmark values of the heavy charged Higgs mass: mH+ = 700 GeV (upper left), 2 TeV (upper right), 1.6
TeV (lower left) and 450 GeV (lower right). The first choice is the benchmark value we will later use for NSI
studies, while the other three values correspond to the minimum allowed values for the heavy neutral Higgs
mass (assuming it to be degenerate with the heavy charged Higgs to easily satisfy the T -parameter constraint
(cf. Sec. 3.4.4)) consistent with the LEP contact interaction bounds for O(1) Yukawa couplings (cf. Sec. 3.4.6).
From Fig. 3.15, we see that the h → γγ signal strength gives the most stringent constraint. If we allow λ8 to
be as large as 3, then we can get maximum value of sinϕ up to 0.67 (0.2) for mH+ = 0.7 (2) TeV.
In addition to the modified signal strengths, the total Higgs width is enhanced due to the new decay modes.
Both ATLAS [150] and CMS [183] collaborations have put 95% CL upper limits on the Higgs boson total width
Γh from measurement of off-shell production in the ZZ → 4` channel. Given the SM expectation ΓSMh ∼ 4.1
MeV, we use the CMS upper limit on Γh < 9.16 MeV [183] to demand that the new contribution (mostly from
h→ h±h∓?, because the h→ γγ branching fraction is much smaller) must be less than 5.1 MeV. This is shown
in Fig. 3.15 by the grey shaded region (only visible in the upper right panel), which turns out to be much weaker
than the signal strength constraints in the individual channels.
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Figure 3.16: Feynman diagrams for charged scalar contributions to monophoton signal at LEP.
3.4.11 Monophoton constraint from LEP
Large neutrino NSI with electrons inevitably leads to a new contribution to the monophoton process e+e− → νν¯γ
that can be constrained using LEP data [184]. In the SM, this process occurs via s-channel Z-boson exchange
and t- channel W -boson exchange, with the photon being emitted from either the initial state electron or
positron or the intermediate state W boson. In the Zee model, we get additional contributions from t-channel
charged scalar exchange (see Fig. 3.16). Both light and heavy charged scalars will contribute, but given the
mass bound on the heavy states from LEP contact interaction, the dominant contribution will come from the
light charged scalar.
The total cross section for the process e+e− → ναν¯βγ can be expressed as σ = σSM + σNS, where σSM is
the SM cross section (for α = β) and σNS represents the sum of the pure non-standard contribution due to the
charged scalar and its interference with the SM contribution. Note that since the charged scalar only couples
to right-handed fermions, there is no interference with the W -mediated process (for α = β = e). Moreover, for
either α or β not equal to e, the W contribution is absent. For α 6= β, the Z contribution is also absent.
The monophoton process has been investigated carefully by all four LEP experiments [287], but the most
stringent limits on the cross section come from the L3 experiment, both on [185] and off [186] Z-pole. We use
these results to derive constraints on the charged scalar mass and Yukawa coupling. The constraint |σ−σexp| ≤
δσexp, where σexp ± δσexp is the experimental result, can be expressed in the following form:∣∣∣∣1 + σNSσSM − σexpσSM
∣∣∣∣ ≤ (σexpσSM
)(
δσexp
σexp
)
. (3.4.90)
We evaluate the ratio σexp/σSM by combining the L3 results [185,186] with an accurate computation of the SM
cross section, both at Z-pole and off Z-pole. Similarly, we compute the ratio σNS/σSM numerically as a function
of the charged scalar mass mh+ and the Yukawa coupling Yαβ sinϕ. For comparison of cross sections at Z-pole,
we adopt the same event acceptance criteria as in Ref. [185], i.e., we allow photon energy within the range 1
GeV < Eγ < 10 GeV and the angular acceptance 45◦ < θγ < 135◦. Similarly, for the off Z-pole analysis, we
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adopt the same event topology as described in Ref. [186]: i.e., 14◦ < θγ < 166◦, 1 GeV < Eγ , and p
γ
T > 0.02
√
s.
We find that the off Z-pole measurement imposes more stringent bound than the Z-pole measurement bound.
As we will see in the next section (see Fig. 3.18), the monophoton constraints are important especially for the
NSI involving tau-neutrinos. We also note that our monophoton constraints are somewhat weaker than those
derived in Ref. [187] using an effective four-fermion approximation.
3.4.12 NSI predictions
The new singly-charged scalars η+ and H+2 in the Zee Model induce NSI at tree level as shown in Fig. 3.17.
Diagrams (a) and (d) are induced by the pure singlet and doublet components of the charged scalar fields and
depend on the Yukawa couplings f and Y respectively (cf. Eqs. 3.4.14 and 3.4.32). On the other hand, diagrams
(b) and (c) are induced by the mixing between the singlet and doublet fields, and depend on the combination of
Yukawa couplings and the mixing angle ϕ (cf. Eq. 3.4.26). As mentioned in Sec. 3.4.2, satisfying the neutrino
mass requires the product f · Y to be small. For Y ∼ O(1), we must have f ∼ 10−8 to get mν ∼ 0.1 eV
(cf. Eq. 3.4.34). In this case, the NSI from Fig. 3.17 (a) and (c) are heavily suppressed. So we will only consider
diagrams (b) and (d) for the following discussion and work in the mass basis for the charged scalars, where η+
and H+2 are replaced by h
+ and H+ (cf. Eq. 3.4.25).
ℓρL νβL
ναL ℓσL
η+
ℓρR νβL
ναL ℓσR
H+2
η+
H+2
ℓρL νβL
ναL ℓσL
η+
H+2
η+
ℓρR νβL
ναL ℓσR
H+2
Figure 3.17: Tree-level NSI induced by the exchange of charged scalars in the Zee model. Diagrams (a) and
(d) are due to the pure singlet and doublet charged scalar components, while (b) and (c) are due to the mixing
between them.
The effective NSI Lagrangian for the contribution from Fig. 3.17 (b) is given by
Leff = sin2 ϕ
YαρY
?
βσ
m2h+
(ν¯αL `ρR)(¯`σR νβL)
= −1
2
sin2 ϕ
YαρY
?
βσ
m2h+
(ν¯αγ
µPLνβ)(¯`σγµPR`ρ) , (3.4.91)
where in the second step, we have used the Fierz transformation. Comparing Eq. 3.4.91 with Eq. 3.3.9, we
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obtain the h+-induced matter NSI parameters (setting ρ = σ = e)
ε
(h+)
αβ =
1
4
√
2GF
YαeY
?
βe
m2h+
sin2 ϕ . (3.4.92)
Thus, the diagonal NSI parameters εαα depend on the Yukawa couplings |Yαe|2, and are always positive in this
model, whereas the off-diagonal ones εαβ (with α 6= β) involve the product YαeY ?βe and can be of either sign, or
even complex. Also, we have a correlation between the diagonal and off-diagonal NSI:
|εαβ | = √εααεββ , (3.4.93)
which is a distinguishing feature of the model.
Fig. 3.17 (d) gives a sub-dominant NSI contribution as follows:
ε
(H+)
αβ =
1
4
√
2GF
YαeY
?
βe
m2H+
cos2 ϕ . (3.4.94)
Hence, the total matter NSI induced by the charged scalars in the Zee model can be expressed as
εαβ ≡ ε(h
+)
αβ + ε
(H+)
αβ =
1
4
√
2GF
YαeY
?
βe
(
sin2 ϕ
m2h+
+
cos2 ϕ
m2H+
)
. (3.4.95)
To get an idea of the size of NSI induced by Eq. 3.4.95, let us take the diagonal NSI parameters from the
light charged scalar contribution in Eq. 3.4.92:
ε(h
+)
αα =
1
4
√
2GF
|Yαe|2
m2h+
sin2 ϕ . (3.4.96)
Thus, for a given value ofmh+ , the NSI are maximized for maximum allowed values of |Yαe| and sinϕ. Following
Eq. 3.4.81, we set the trilinear coupling λhh+h− → 0, thus minimizing the constraints from Higgs signal strength.
We also assume λ3 = λ8 to get
µ =
√
2λ8v
sin 2ϕ
. (3.4.97)
Now substituting this into Eq. 3.4.26, we obtain
sin2 ϕ ' λ8v
2
2(m2H+ −m2h+)
. (3.4.98)
Furthermore, assuming the heavy charged and neutral scalars to be mass-degenerate, from LEP contact inter-
action constraints (cf. Sec. 3.4.6), we have
m2H+
|Yαe|2 &
Λ2α
8pi
, (3.4.99)
where Λα = 10 TeV, 7.9 TeV and 2.2 TeV for α = e, µ, τ , respectively [143]. Combining Eqs. 3.4.96, 3.4.98 and
3.4.99, we obtain
εmaxαα '
λ8v
2
m2h+
pi√
2GFΛ2α
(3.4.100)
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Using benchmark values of mh+ = 100GeV and λ8 = 3, we obtain:
εmaxee ≈ 3.5% , εmaxµµ ≈ 5.6% , εmaxττ ≈ 71.6% . (3.4.101)
Although a rough estimate, this tells us that observable NSI can be obtained in the Zee model, especially in
the τ sector. To get a more accurate prediction of the NSI in the Zee model and to reconcile large NSI with all
relevant theoretical and experimental constraints, we use Eq. 3.4.95 to numerically calculate the NSI predictions,
as discussed below.
A Heavy neutral scalar case
First, we consider the case with heavy neutral and charged scalars, so that the LEP contact interaction con-
straints (cf. Sec. 3.4.6) are valid. To be concrete, we have fixed the heavy charged scalar mass mH+ = 700 GeV
and the quartic couplings λ3 = λ8 = 3. In this case, the heavy charged scalar contribution to NSI in Eq. 3.4.95
can be ignored. The NSI predictions in the light charged scalar mass versus Yukawa coupling plane are shown
by black dotted contours in Fig. 3.18 for diagonal NSI and Fig. 3.19 for off-diagonal NSI. The theoretical con-
straints on sinϕ from charge-breaking minima (cf. Sec. 3.4.3) and T -parameter (cf. Sec. 3.4.4) constraints are
shown by the light and dark green-shaded regions, respectively. Similarly, the Higgs precision data constraint
(cf. Sec. 3.4.10) on sinϕ is shown by the brown shaded region. To cast these constraints into limits on Yαe sinϕ,
we have used the LEP contact interaction limits on Yαe (cf. Sec. 3.4.6) for diagonal NSI, and similarly, the
cLFV constraints (cf. Sec. 3.4.5) for off-diagonal NSI, and combined these with the CBM, T -parameter and
Higgs constraints, which are all independent of the light charged scalar mass. Also shown in Figs. 3.18 and 3.19
are the LEP and/or LHC constraints on light charged scalar (cf. Sec. 3.4.7) combined with the lepton univer-
sality constraints from W and τ decays (cf. Secs. 3.4.8 and 3.4.9), which exclude the blue shaded region below
mh+ ∼ 100 GeV. In addition, the LEP monophoton constraints (cf. Sec. 3.4.11) are shown in Fig. 3.18 by the
light purple shaded region.
The model predictions for NSI are then compared with the current experimental constraints from neutrino-
electron scattering experiments (red shaded), as well as the global fit results from neutrino oscillation plus
COHERENT data (orange shaded); see Table 3.9 for more details.1 For neutrino-electron scattering constraints,
we only considered the constraints on εeRαβ [188–191], since the dominant NSI in the Zee model always involves
right-handed electrons (cf. Eq. 3.4.91). These scattering experiments impose the strongest limits for εµµ and
εττ , restricting them to be less than 3.8% and 43%, respectively, although the model allows for much larger NSI
1From the oscillation data alone, there is an additional constraint on εττ − εµµ < 42.6% [108]. However, this is not applicable
here, since we can only allow for one large diagonal NSI at a time, otherwise there will be stringent constraints from cLFV
(cf. Sec. 3.4.5).
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(cf. Fig. 3.18). For εµµ, we have rederived the CHARM II limit following Ref. [188], but using the latest PDG
value for s2w = 0.22343 (on-shell) [287]. Specifically, we used the CHARM II measurement of the Z-coupling to
right-handed electrons geR = 0.234± 0.017 obtained from their νµe→ νe data [192] and compared with the SM
value of (geR)SM = s
2
w to obtain a 90% CL limit on εµµ < 0.038, which is slightly weaker than the limit of 0.03
quoted in Ref. [189].
As for the global-fit constraints, we use the constraints on εpαβ from Ref. [108], assuming that these will be
similar for εeαβ due to charge-neutrality in matter. Also shown (blue solid lines) are the future sensitivity at long
baseline experiments, such as DUNE with 300 kt.MW.yr and 850 kt.MW.yr of exposure, derived at 90% CL
using GloBES3.0 [193] with the DUNE CDR simulation configurations [194]. Here we have used δ (true) = −pi/2
for the true value of the Dirac CP phase and marginalized over all other oscillation parameters [113].
Taking into account all existing constraints and this possibility of light h+ and H+, the maximum possible
allowed values of the NSI parameters in the Zee model are shown in the second column of Table 3.9, along with
the combination of the relevant constraints limiting each NSI parameter (shown in parentheses). Thus, we find
that for the diagonal NSI, one cannot get significantly large εee and εµµ, but εττ as large as 43% can be allowed
in this model and there is a good portion of the allowed region for εττ within reach of DUNE sensitivity. As
for the off-diagonal NSI, they require the presence of at least two non-zero Yukawa couplings Yαe, and their
products are all heavily constrained from cLFV; therefore, one cannot get sizable off-diagonal NSI in the Zee
model that can be probed at DUNE or any other neutrino experiment.
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Figure 3.18: Zee model predictions for diagonal NSI (εee, εµµ, εττ ) are shown by the black dotted contours.
Color-shaded regions are excluded by various theoretical and experimental constraints. Blue shaded region
is excluded by direct searches from LEP and LHC (Sec. 3.4.7) and/or lepton universality (LU) tests in W
decays (Sec. 3.4.8). Purple shaded region is excluded by (off Z-pole) LEP monophoton search (cf. Sec. 3.4.11).
Purple dashed line indicates the LEP monophoton search limit at Z pole (which is always weaker than the off
Z-pole constraint). Light green, brown and deep green shaded regions are excluded respectively by T parameter
(Sec. 3.4.4), precision Higgs data (Sec. 3.4.10), and charge breaking minima (Sec. 3.4.3), each combined with
LEP contact interaction constraint (Sec. 3.4.6). Red shaded regions are excluded by neutrino-electron scattering
experiments, like CHARM [189], TEXONO [190] and BOREXINO [191]. Orange shaded region in (c) is excluded
by global fit constraints from neutrino oscillation+COHERENT data [108]. We also show the future DUNE
sensitivity in blue solid lines, for both 300 kt.MW.yr and 850 kt.MW.yr exposure [113].
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Figure 3.19: Zee model predictions for off-diagonal NSI (εeµ, εµτ , εeτ ) are shown by black dotted contours.
Colored shaded regions are excluded by various theoretical and experimental constraints. Blue shaded region is
excluded by direct searches from LEP and LHC (Sec. 3.4.7) and/or lepton universality (LU) tests in W decays
(Sec. 3.4.8). Light green, brown and deep green shaded regions are excluded respectively by T -parameter
(Sec. 3.4.4), precision Higgs data (Sec. 3.4.10), and charge breaking minima (Sec. 3.4.3), each combined with
cLFV constraints (Sec. 3.4.5). The current NSI constraints from neutrino oscillation and scattering experiments
are weaker than the cLFV constraints, and do not appear in the shown parameter space. The future DUNE
sensitivity is shown by blue solid lines, for both 300 kt.MW.yr and 850 kt.MW.yr exposure [113].
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B Light neutral scalar case
Now we consider the case where the neutral scalars H and A are light, so that the LEP contact interaction
constraints (cf. 3.4.6) are not applicable. In this case, both h+ and H+ contributions to the NSI in Eq. 3.4.95
should be kept. For concreteness, we fix mH+ = 130 GeV to allow for the maximum H+ contribution to NSI
while avoiding the lepton universality constraints on H+ (cf. Sec. 3.4.8). We also choose the neutral scalars H
and A to be nearly mass-degenerate with the charged scalar H+, so that the T -parameter and CBM constraints
are easily satisfied. The Higgs decay constraints can also be significantly relaxed in this case by making
λhh+h− → 0 in Eq. 3.4.81. The NSI predictions for this special choice of parameters are shown in Fig. 3.20.
Note that for higher mh+ , the NSI numbers are almost constant, because of the mH+ contribution which starts
dominating. We do not show the off-diagonal NSI plots for this scenario, because the cLFV constraints still
cannot be overcome (cf. Fig. 3.19).
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Figure 3.20: Zee model predictions for diagonal NSI for light neutral scalar case. Here we have chosen
mH+ = 130 GeV. Labeling of the color-shaded regions is the same as in Fig. 3.18, except for the LEP dilepton
constraint (green shaded region) which replaces the T -parameter, CBM and LHC Higgs constraints.
74
NSI Zee Model Scattering Global fit DUNE
Prediction (Max.) constraints constraints [108] sensitivity [113]
εee 0.08 [−0.07, 0.08] [190] [−0.010, 2.039] [−0.185, 0.380]
(LEP + LU + T -param.) ([−0.130, 0.185])
εµµ 0.038 [−0.03, 0.03] [189] [−0.364, 1.387] [−0.290, 0.390]
(CHARM) [−0.017, 0.038] (ours) ([−0.192, 0.240])
εττ 0.43 [−0.42, 0.43] [191] [−0.350, 1.400] [−0.360, 0.145]
(BOREXINO) ([−0.120, 0.095])
εeµ 1.5× 10−5 [−0.13, 0.13] [189] [−0.179, 0.146] [−0.025, 0.052]
(LEP + LU + cLFV + T -param.) ( [−0.017, 0.040])
εeτ 0.0056 [−0.19, 0.19] [190] [−0.860, 0.350] [−0.055, 0.023]
(LEP + LU + cLFV + T -param.) ([−0.042, 0.012])
εµτ 0.0034 [−0.10, 0.10] [189] [−0.035, 0.028] [−0.0.015, 0.013]
(LEP + LU + cLFV + T -param) ([−0.010, 0.010])
Table 3.9: Maximum allowed NSI (with electrons) in the Zee model, after imposing constraints from CBM
(Sec. 3.4.3), T -parameter (Sec. 3.4.4), cLFV searches (Sec. 3.4.5), LEP contact interaction (Sec. 3.4.6), direct
collider searches (Sec. 3.4.7), lepton universality (LU) in W decays (Sec. 3.4.8), LHC Higgs data (Sec. 3.4.10),
and LEP monophoton searches (Sec. 3.4.11). We also impose the constraints from neutrino-electron scattering
experiments (as shown in the third column), like CHARM-II [189], TEXONO [190] and BOREXINO [191] (only
eRαβ are considered, cf. Eq. 3.4.91) as well as the global fit constraints (as shown in the fourth column) from
neutrino oscillation+COHERENT data [108] (only εpαβ are considered), whichever is stronger. The maximum
allowed value for each NSI parameter is obtained after scanning over the light charged Higgs mass (see Figs. 3.18
and 3.19) and the combination of all relevant constraints limiting the NSI are shown in parentheses in the second
column. In the last column, we also show the future DUNE sensitivity for 300 kt.MW.yr exposure (and 850
kt.MW.yr in parentheses) [113].
3.4.13 Consistency with neutrino oscillation data
In this section, we show that the choice of the Yukawa coupling matrix used to maximize our NSI parameter
values is consistent with the neutrino oscillation data. The neutrino mass matrix in the Zee model is given by
Eq. 3.4.34 which is diagonalized by the unitarity transformation
UTPMNSMν UPMNS = M̂ν , (3.4.102)
75
where M̂ν = diag(m1,m2,m3) is the diagonal mass matrix with the eigenvalues m1,2,3 and UPMNS is the 3 × 3
lepton mixing matrix. In the standard parametrization [287],
UPMNS =

c12c13 c13s12 e
−iδs13
−c23s12 − c12s13s23eiδ c12c23 − s12s13s23eiδ c13s23
s12s23 − c12c23s13eiδ −c12s23 − c23s12s13eiδ c13c23
 , (3.4.103)
where cij ≡ cos θij , sij ≡ sin θij , θij being the mixing angle between different flavor eigenstates i and j, and δ
is the Dirac CP phase. We diagonalize the neutrino mass matrix 3.4.34 numerically, assuming certain forms of
the Yukawa coupling matrices given below. The unitary matrix thus obtained is converted to the mixing angles
θij using the following relations from Eq. 3.4.103:
s212 =
|Ue2|2
1− |Ue3|2 , s
2
13 = |Ue3|2, s223 =
|Uµ3|2
1− |Ue3|2 . (3.4.104)
Since the NSI expressions in Eq. 3.4.95 depend on Yαe (the first column of the Yukawa matrix), we choose the
following three sets of benchmark points (BPs) for Yukawa textures to satisfy all the cLFV constraints, see
Tables 3.6 and 3.7. For simplicity, we also take all the elements of Yukawa matrix to be real.
BP I : Y =

Yee 0 Yeτ
0 Yµµ Yµτ
0 Yτµ Yττ
 , (3.4.105)
BP II : Y =

0 Yeµ Yeτ
Yµe 0 Yµτ
0 Yτµ Yττ
 , (3.4.106)
BP III : Y =

Yee 0 Yeτ
0 Yµµ Yµτ
Yτe 0 Yττ
 (3.4.107)
For BP I, substituting Y from Eq. 3.4.105 in Eq. 3.4.34, we get a symmetric neutrino mass matrix as follows:
Mν = a0

m11 m12 m13
m12 m22 m23
m13 m23 m33
 , (3.4.108)
where a0 = κfµτYee fixes the overall scale, and the entries in Mν are given by
m11 = 2mτx2 y13 ,
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BP x1 x2 y11 y12 y13 y21 y22 y23 y31 y32 y33 a0(10−9)
BP I (IH) −7950 34 −1.0 0 −0.01 0 0.001 0.08 0 0.05 0.70 0.017
BP II (IH) 14 4.7 0 0.05 0.01 1.0 0 0.02 0 0.06 0.03 0.19
BP III (NH) −9.9 0.27 0.01 0 0.07 0 0.13 −0.007 −1.0 0 −0.036 0.6
Table 3.10: Values of parameters chosen for different sets of Yukawa structure given in Eqs. 3.4.105-3.4.107
to fit the neutrino oscillation data.
m12 = −mex1y11 +mτy13 +mµ x1 y22 +mτ x2 y23 ,
m13 = −mex2y11 +mµx1y32 +mτ x2 y33 ,
m22 = 2mτy23 ,
m23 = −mµ y22 +mτy33 ,
m33 = −2mµ y32 ,
and we have defined the ratios x1 =
feµ
fµτ
, x2 = feτfµτ , y13 =
Yeτ
Yee
, y22 =
Yµµ
Yee
, y23 =
Yµτ
Yee
, y32 =
Yτµ
Yee
, and y33 = YττYee .
Similarly, for BPs II and III, one can absorb Yµµ and Yττ respectively in the overall factor a0 to get the mass
matrix parameters in terms of the ratios xi and yij .
For each set of Yukawa structure, we show in Table 3.10 the best-fit values of the parameters xi, yij and a0.
For BP I and II, we obtain inverted hierarchy (IH) and for BP III, we get normal hierarchy (NH) of neutrino
masses. The model predictions for the neutrino oscillation parameters in each case are shown in Table 3.11,
along with the 3σ allowed range from a recent NuFit4 global analysis [195]. It is clear that the fits for all the
three sets are in very good agreement with the observed experimental values. We note here that the NuFit4
analysis does not include any NSI effects, which might affect the fit results; however, it is sufficient for the
consistency check of our benchmark points. A full global analysis of the oscillation data in presence of NSI to
compare with our benchmark points is beyond the scope of this work.
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Oscillation 3σ allowed range Model prediction
parameters from NuFit4 [195] BP I (IH) BP II (IH) BP III (NH)
∆m221(10
−5 eV2) 6.79 - 8.01 7.388 7.392 7.390
∆m223(10
−3 eV2)(IH) 2.412 - 2.611 2.541 2.488 -
∆m231(10
−3 eV2)(NH) 2.427 - 2.625 - - 2.505
sin2 θ12 0.275 - 0.350 0.295 0.334 0.316
sin2 θ23 (IH) 0.423 - 0.629 0.614 0.467 -
sin2 θ23 (NH) 0.418 - 0.627 - - 0.577
sin2 θ13 (IH) 0.02068 - 0.02463 0.0219 0.0232 -
sin2 θ13(NH) 0.02045 - 0.02439 - - 0.0229
Table 3.11: 3σ allowed ranges of the neutrino oscillation parameters from a recent global fit [195] (without
NSI), along with the model predictions for each BP.
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Figure 3.21: Global oscillation analysis obtained from NuFit4 [195] for both Normal hierarchy (NH) and
Inverted hierarchy (IH) compared with our model benchmark points (BP1, BP2, BP3). Gray, Magenta, and
Cyan colored contours represent 1σ, 2σ, and 3σ CL contours for NH, whereas solid, dashed, and dotted lines
respectively correspond to 1σ, 2σ, and 3σ CL contours for IH. Red, purple, and (blue, black, brown) markers are
respectively best-fit from NuFit for IH and NH, and benchmark points I, II and III for Yukawa structures given
in Eqs. 3.4.105-3.4.107.
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In addition to the best fit results in the tabulated format, we also display them in Fig. 3.21 in the two-
dimensional projections of 1σ, 2σ and 3σ confidence regions of the global fit results [195] (without inclusion of
the Super-K atmospheric ∆χ2-data). Colored regions (grey, magenta, cyan) are for normal hierarchy, whereas
regions enclosed by solid, dashed, dotted lines are for inverted hierarchy. The global-fit best-fit points, along
with the model predictions for each benchmark point, are shown for comparison. It is clear that the theoretical
predictions are within the observed 3σ range in each case.
3.5 NSI in one-loop leptoquark model
There are only four kinds of scalar leptoquarks that can interact with the neutrinos at the renormalizable level
in the SM (see Table 3.1): LdcΩ, LQχ?, LQρ¯ and Lucδ.1 In this section and next, we discuss neutrino mass
models with various combinations of these LQs. Our focus is again the range of neutrino NSI that is possible in
these models. We note in passing that all these scalar LQ scenarios have gained recent interest in the context
of semileptonic B-decay anomalies, viz., R(?)D and R
(?)
K . But it turns out that none of these scalar LQ models
can simultaneously explain both R(?)D and R
(?)
K [197].
We start with a LQ variant of the Zee model that generates small neutrino masses at one-loop level, via
the operator is O3b (cf. Eq. (3.2.7c)). It turns out that O3b will induce neutrino masses at one-loop, while O3a,
owing to the SU(2)L index structure, will induce mν at the two-loop level. A UV complete model of O3a will
be presented in Sec. C. More precisely, the model of this section corresponds to O83 of Table 3.3, which involves
two LQ fields and no new fermions. All other realizations of O3 will be analyzed in subsequent sections.
The phenomenology of the basic LQ model generating O83 will be analyzed in detail in this section, and the
resulting maximum neutrino NSI will be obtained. The constraints that we derive here on the model parameters
can also be applied, with some modifications, to the other O3 models, as well as other one-loop, two-loop and
three-loop LQ models discussed in subsequent sections.
To realize operator O3b the SU(2)L doublet and singlet scalars of the Zee model [62] are replaced by
SU(2)L doublet and singlet LQ fields. This model has been widely studied in the context of R-parity breaking
supersymmetry, where the LQ fields are identified as the Q˜ and d˜c fields of the MSSM [76, 198, 199]. For a
non-supersymmetric description and analysis of the model, see Ref. [78].
The gauge symmetry of the model denoted as O83 is the same as the SM: SU(3)c × SU(2)L × U(1)Y . In
addition to the SM Higgs doublet H
(
1,2, 12
)
, two SU(3)c triplet LQ fields Ω
(
3,2, 16
)
=
(
ω2/3, ω−1/3
)
and
χ−1/3
(
3,1,− 13
)
are introduced. The Yukawa Lagrangian relevant for neutrino mass generation in the model is
1The LQ fields Ω, χ?, ρ¯, δ are often denoted as S1, S3, R2, R˜2 respectively [196].
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given by
LY ⊃ λαβLiαdcβΩjij + λ′αβLiαQjβχ?ij + H.c.
≡ λαβ
(
ναd
c
βω
−1/3 − `αdcβω2/3
)
+ λ′αβ (ναdβ − `αuβ)χ? + H.c. (3.5.109)
Here {α, β} are family indices and {i, j} are SU(2)L indices as before. As in the Zee model, a cubic scalar
coupling is permitted, given by
V ⊃ µH†Ωχ? + H.c. ≡ µ
(
ω2/3H− + ω−1/3H
0
)
χ? + H.c. (3.5.110)
which ensures lepton number violation.
Once the neutral component of the SM Higgs doublet acquires a VEV, the cubic term in the scalar poten-
tial 3.5.110 will generate mixing between the ω−1/3 and χ−1/3 fields, with the mass matrix given by:
M2LQ =
 m2ω µv/
√
2
µ?v/
√
2 m2χ
 , (3.5.111)
where m2ω and m2χ include the bare mass terms plus a piece of the type λv2 arising from the SM Higgs VEV.
The physical states are denoted as {X−1/31 , X−1/32 }, defined as
X1 = cosαω + sinαχ ,
X2 = − sinαω + cosαχ , (3.5.112)
with the mixing angle given by
tan 2α =
−√2µv
m2χ −m2ω
. (3.5.113)
The squared mass eigenvalues of these states are:
m21,2 =
1
2
[
m2ω +m
2
χ ∓
√
(m2ω −m2χ)2 + 4µ2v2
]
. (3.5.114)
Neutrino masses are induced via the one-loop diagram shown in Fig. 3.22. The mass matrix is given by:
Mν =
3 sin 2α
32pi2
log
(
m21
m22
)
(λMdλ
′T + λ′MdλT ) . (3.5.115)
Here Md is the diagonal down-type quark mass matrix. Acceptable neutrino masses and mixings can arise in
the model for a variety of parameters. Note that the induced Mν is proportional to the down-quark masses, the
largest being mb. In the spirit of maximizing neutrino NSI, which are induced by either the ω−1/3 or the χ−1/3
field, without relying on their mixing, we shall adopt a scenario where the couplings λαβ are of order one, while
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⟨H0⟩
χ−1/3ω−1/3
να d
c
γ dγ νβ
Figure 3.22: One-loop diagram inducing neutrino mass in the LQ model. This is the model O83 of Table 3.3.
In SUSY models with R-parity violation, ω−1/3 is identified as d˜ and χ?1/3 as d˜c.
λ′αβ  1. Such a choice would realize small neutrino masses. One could also consider λ′ ∼ O(1), with λ 1 as
well. However, in the former case, there is a GIM-like suppression in the decay rate for `α → `β + γ [81], which
makes the model with λ ∼ O(1), λ′  1 somewhat less constrained from cLFV, and therefore we focus on this
scenario. The reason for this suppression will be elaborated in Sec. D.
3.5.1 Low-energy constraints
One interesting feature of the LQ model presented in this section is that the radiative decay `α → `β + γ
is suppressed in the model due to a GIM-like cancellation. On the other hand, µ − e conversion in nuclei
gives a stringent constraint on the Yukawa couplings of the model, as do the trilepton decays of the lepton to
some extent. Since the product |λλ′|  1 in order to generate the correct magnitude of the neutrino masses
(cf. Eq. (3.5.115)), we shall primarily consider the case where |λ′|  1 with |λ| being of order one. This is
the case where the constraints from radiative decays are nonexistent. If on the other hand, |λ|  1 and |λ′|
is of order unity, then these radiative decays do provide significant constraints. This situation will be realized
in other LQ models as well; so we present constraints on the model of this section in this limit as well. The
processes that are considered are: `α → `β + γ, µ − e conversion in nuclei, `α → ¯`β`γ`δ (with at least two of
the final state leptons being of same flavor), τ → `pi, τ → `η, τ → `η′ (where ` = e or µ), and APV.
A Atomic parity violation
dR eL
eL dR
ω2/3
eL
uL uL
eL
χ−1/3
Figure 3.23: Doublet and singlet LQ contribution to APV at tree-level.
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The strongest constraints on the λed and λ′ed couplings come from atomic parity violation (APV) [200],
analogous to the R-parity violating supersymmetric case [201]. The diagrams shown in Fig. 3.23 lead to the
following effective couplings between up/down quarks and electrons:
Leff = |λed|
2
m2ω
(e¯LdR)
(
d¯ReL
)
+
|λ′ed|2
m2χ
(
ecLuL
)
(u¯Le
c
L)
= − 1
2
|λed|2
m2ω
(e¯Lγ
µeL)
(
d¯RγµdR
)
+
1
2
|λ′ed|2
m2χ
(e¯Lγ
µeL) (u¯LγµuL) , (3.5.116)
where we have used the Fierz transformation in the second step. The parity-violating parts of these interactions
are given by
LPVeff =
1
8
|λed|2
m2ω
[(
e¯γµγ5e
) (
d¯γµd
)− (e¯γµe) (d¯γµγ5d)]
− 1
8
|λ′ed|2
m2χ
[(
e¯γµγ5e
)
(u¯γµu) + (e¯γµe)
(
u¯γµγ
5u
)]
. (3.5.117)
On the other hand, the parity-violating SM interactions at tree-level are given by
LPVSM =
GF√
2
∑
q=u,d
[
C1q
(
e¯γµγ5e
)
(q¯γµq) + C2q (e¯γ
µe)
(
q¯γµγ
5q
)]
, (3.5.118)
with
C1u = −1
2
+
4
3
s2w , C2u = −
1
2
+ 2s2w ,
C1d =
1
2
− 2
3
s2w , C2d =
1
2
− 2s2w . (3.5.119)
Correspondingly, the weak charge of an atomic nucleus with Z protons and N neutrons is given by
Qw(Z,N) = −2 [C1u(2Z +N) + C1d(Z + 2N)] = (1− 4s2w)Z −N , (3.5.120)
where (2Z+N) and (Z+ 2N) are respectively the number of up and down quarks in the nucleus. The presence
of the new PV couplings in Eq. 3.5.117 will shift the weak charge to
δQw(Z,N) =
1
2
√
2GF
[
(2Z +N)
|λ′ed|2
m2χ
− (Z + 2N) |λed|
2
m2ω
]
. (3.5.121)
There are precise experiments measuring APV in cesium, thallium, lead and bismuth [202]. The most precise
measurement comes from cesium (at the 0.4% level [203]), so we will use this to derive constraints on LQ. For
133
55 Cs, Eq. 3.5.121 becomes
δQw
(
133
55 Cs
)
=
1
2
√
2GF
(
188
|λ′ed|2
m2χ
− 211 |λed|
2
m2ω
)
. (3.5.122)
Taking into account the recent atomic structure calculation [200], the experimental value of the weak charge of
133
55 Cs is given by [287]
Qexpw
(
133
55 Cs
)
= −72.62± 0.43 , (3.5.123)
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dc
µ e
dc
ω2/3
u
µ e
u
χ−1/3
Figure 3.24: Feynman diagrams leading to µ− e conversion at tree-level in the doublet-singlet LQ model.
whereas the SM prediction is [200,287]
QSMw
(
133
55 Cs
)
= −73.23± 0.02 , (3.5.124)
based on a global fit to all electroweak observables with radiative corrections. Assuming new radiative corrections
from LQ are small and saturating the difference between Eqs. 3.5.123 and 3.5.124, we obtain a 2σ allowed range
of δQw:
−0.29 < δQw < 1.51 . (3.5.125)
Comparing this with Eq. 3.5.122, we obtain the corresponding 2σ bounds on λed and λ′ed as a function of the
LQ mass as follows:
|λed| < 0.21
( mω
TeV
)
, |λ′ed| < 0.51
( mχ
TeV
)
. (3.5.126)
The APV constraint on down-quark coupling of the LQ is stronger than the up-quark coupling constraint
due to the fact that the experimental value of Qw (cf. Eq. 3.5.123) is 1.5σ larger than the SM prediction
(cf. Eq. 3.5.124), while the doublet LQ contribution to Qw goes in the opposite direction (cf. Eq. 3.5.122).
B µ− e conversion
Another constraint on the LQ model being discussed comes from the cLFV process of coherent µ− e conversion
in nuclei (µN → eN). We will only consider the tree-level contribution as shown in Fig. 3.24, since the loop-level
contributions are sub-dominant. Following the general procedure described in Ref. [162], we can write down
the branching ratio for this process as [81]
BR(µN → eN) ' |~pe|Eem
3
µα
3Z4effF
2
p
64pi2ZΓN
(2A− Z)2
( |λ?edλµd|
m2ω
+
|λ′?edλ′µd|
m2χ
)2
, (3.5.127)
where ~pe and Ee are the momentum and energy of the outgoing electron respectively, Z and A are the atomic
number and mass number of the nucleus respectively, Zeff is the effective atomic number, Fp is the nuclear
matrix element, and ΓN is the muon capture rate of the nucleus. Here we take |~pe| ' Ee ' mµ and use the
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values of Zeff and Fp from Ref. [204], and the value of ΓN from Ref. [205]. Comparing the model predictions
from Eq. 3.5.127 with the experimental limits for different nuclei [206–208], we obtain the constraints on the
Yukawa couplings (either λ or λ′) and LQ mass as shown in Table 3.12.
Nucleus Experimental Zeff Fp ΓN [205] Constraint
Limit [204] [204] (106 s−1) on |λ?edλµd|
48
22Ti BR < 6.1× 10−13 [206] 17.6 0.54 2.59 < 4.30× 10−6
(
mω
TeV
)2
197
79 Au BR < 7.0× 10−13 [207] 33.5 0.16 13.07 < 4.29× 10−6
(
mω
TeV
)2
208
82 Pb BR < 4.6× 10−11 [208] 34.0 0.15 13.45 < 3.56× 10−5
(
mω
TeV
)2
Table 3.12: Constraints on Yukawa couplings and LQ masses from µ − e conversion in different nuclei. For
|λ′?edλ′µd|, the same constraints apply, with mω replaced by mχ.
C `α → ¯`β`γ`δ decay
Leptoquarks do not induce trilepton decays of the type µ → 3e at the tree-level. However, they do induce
such processes at the loop level. There are LQ mediated Z and photon penguin diagrams, as well as box
diagrams. These contributions have been evaluated for the LQ model of this section in Ref. [81]. With the
Yukawa couplings λ being of order one, but with |λ′|  1, the branching ratio for µ− → e+e−e− decay is given
by [81]
BR(µ→ 3e) =
(
3
√
2
32pi2GF
)2
CLdd
|λedλ?µd|2
m4ω
, (3.5.128)
where
CLdd =
1
7776
[
72e4
(
log
m2µ
m2ω
)2
− 108(3e4 + 2e2|λed|2) log
(
m2µ
m2ω
)
+ (449 + 68pi2)e4 + 486e2|λed|2 + 243|λed|4
]
. (3.5.129)
Here we have kept only those couplings that are relevant for neutrino NSI, and we have assumed that there are
no accidental cancellations among various contributions. Using BR(µ→ 3e) < 1.0× 10−12 [141], we obtain
|λedλ?µd| < 4.4× 10−3
( mω
TeV
)2 (
1 + 1.45|λed|2 + 0.81|λed|4
)−1/2
. (3.5.130)
Analogous constraints from τ → 3e and τ → 3µ are less stringent. For example, from BR(τ → 3e) <
1.4× 10−8 [142], and using Eq. (3.5.128) with a multiplicative factor of BR(τ → ν¯``ντ ) = 0.174, we obtain
|λedλ?τd| < 1.2
( mω
TeV
)2
(1 + 1.96|Yed|2 + 1.50|Yed|4)−1/2 . (3.5.131)
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ℓα uρ(d
c
ρ) ℓβ
γ
χ⋆(ω2/3)
ℓα uρ(d
c
ρ) uρ(d
c
ρ) ℓβγ
χ⋆(ω2/3)
Figure 3.25: One-loop Feynman diagrams for `α → `βγ processes mediated by LQ.
Similarly, from BR(τ → 3µ) < 1.2× 10−8 [142] we obtain
|λµdλ?τd| < 1.1
( mω
TeV
)2
(1 + 1.96|Yµd|2 + 1.50|Yµd|4)−1/2 . (3.5.132)
The constraint on |λedλ?µd| from the trilepton decay (cf. Eq. 3.5.130) turns out to be weaker than those from
µ − e conversion (cf. Table 3.12). Similarly, the constraints on |λedλ?τd| and |λµdλ?τd| from the trilepton decay
(cf. Eqs. 3.5.131 and 3.5.132) turn out to be weaker than those from semileptonic tau decays (cf. Table 3.14).
D `α → `βγ constraint
The lepton flavor violating radiative decay `α → `β + γ arises via one-loop diagrams with the exchange of
LQ fields (see Fig. 3.25). These diagrams are analogous to Fig. 3.8, but with the charged and neutral scalars
replaced by LQ scalars. Note that the photon can be emitted from either the LQ line, or the internal fermion
line. It turns out that the LQ Yukawa coupling matrix λ leads to suppressed decay rates for `α → `β + γ,
owing to a GIM-like cancellation. The coupling of the ω2/3 LQ has the form `αLdcβRω
2/3, which implies that
QB = 2/3 and QF = −1/3 in Eq. (3.4.43). Consequently, the rate becomes proportional to a factor which is at
most of order (m2b/m
2
ω)
2. Thus, the off-diagonal couplings of λ are unconstrained by these decays.
On the other hand, the χ−1/3 LQ field does mediate `α → `β+γ decays, proportional to the Yukawa coupling
matrix λ′. The relevant couplings have the form u¯L`Lχ?, which implies that QF = −2/3 and QB = 1/3 in
Eq. (3.4.43). We find the decay rate to be
Γ(`α → `β + γ) = 9α
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|λ′βdλ′?αd|2
(16pi2)2
m5α
m4χ
, (3.5.133)
where 9 = 32 is a color factor. Here we have assumed t = m2F /m
2
B → 0, since the LQ is expected to be much
heavier than the SM charged leptons to satisfy the experimental constraints. The limits on the products of
Yukawa couplings from these decays are listed in Table 3.13.
86
Process Exp. limit Constraint
µ→ eγ BR < 4.2 ×10−13 [554] |λ′edλ′?µd| < 2.4× 10−3
( mχ
TeV
)2
τ → eγ BR < 3.3 ×10−8 [555] |λ′edλ′?τd| < 1.6
( mχ
TeV
)2
τ → µγ BR < 4.4 ×10−8 [555] |λ′?µdλ′τd| < 1.9
( mχ
TeV
)2
Table 3.13: Constraints on the Yukawa couplings λ′ as a function of the singlet LQ mass from `α → `βγ
processes.
τ
dc
dc
ℓ
ω2/3
π0, η
τ
u
u
ℓ
χ⋆
π0, η
Figure 3.26: Feynman diagram for τ → µpi0 (µη, µη′) and τ → epi0 (eη, eη′) decays.
E Semileptonic tau decays
The decays τ− → `−pi0, `−η, `−η′, with ` = e or µ will occur at tree level mediated by the doublet LQ ω2/3 or
the singlet LQ χ−1/3. The relevant Feynman diagrams are shown in Fig. 3.26. The decay rate for τ− → `−pi0
mediated by ω LQ is given by
Γτ→`pi0 =
|λ`dλ?τd|2
1024pi
f2pim
3
τ
m4ω
Fτ (m`,mpi) , (3.5.134)
where
Fτ (m`,mpi) =
[(
1− m
2
`
m2τ
)2
−
(
1 +
m2`
m2τ
)
m2pi
m2τ
][
1−
(
m`
mτ
+
mpi
mτ
)2]1/2
×
[
1−
(
m`
mτ
− mpi
mτ
)2]1/2
. (3.5.135)
If this decay is mediated by the χ leptoquark, the same relation will hold, up to a factor of |Vud|2, with the
replacement (λ, mω)→ (λ′, mχ). The rates for τ− → `−η and τ− → `−η′ can be obtained from Eq. (3.5.134)
by the replacement (fpi, mpi)→ (mη, fqη ) and (mη′ , fqη′) respectively. Here we have defined the matrix elements
to be
〈pi0(p)|u¯γµγ5u|0〉 = −〈pi0(p)|d¯γµγ5d|0〉 = −i fpi√
2
pµ , (3.5.136)
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〈η(p)|u¯γµγ5u|0〉 = 〈η(p)|d¯γµγ5d|0〉 = −i f
q
η√
2
pµ , (3.5.137)
〈η′(p)|u¯γµγ5u|0〉 = 〈η′(p)|d¯γµγ5d|0〉 = −i f
q
η′√
2
pµ . (3.5.138)
The sign difference in Eq. 3.5.136 is due to the fact that the state |pi0〉 = (uu¯ − dd¯)/√2. As for |η〉 and |η′〉
states, these are obtained from the mixing of the flavor states |ηq〉 = (u¯u+ d¯d)/
√
2 and |ηs〉 = s¯s:
|η〉 = cosφ |ηq〉 − sinφ |ηs〉,
|η′〉 = sinφ |ηq〉+ cosφ |ηs〉 . (3.5.139)
The matrix elements entering semileptonic τ decays are then related as
fqη = cosφfq , f
q
η′ = sinφfq (3.5.140)
where fq is defined through
〈ηq(p)|q¯γµγ5q|0〉 = −i fq√
2
pµ . (3.5.141)
The mixing angle φ and the decay parameter fq have been determined to be [209]
φ = (39.3± 1)0 , fq = (1.07± 0.02)fpi . (3.5.142)
Using these relations, and with fpi ' 130 MeV, we have fqη ' 108 MeV and fqη′ ' 89 MeV [210]. Using these
values and the experimental limits on the semileptonic branching ratios [287], we obtain limits on products of
Yukawa couplings as functions of the LQ mass, which are listed in Table 3.14. It turns out that these limits are
the most constraining for off-diagonal NSI mediated by leptoquarks.
We should mention here that similar diagrams as in Fig. 3.26 will also induce alternative pion and η-meson
decays: pi0 → e+e− and η → `+`− (with ` = e or µ). In the SM, BR(pi0 → e+e−) = 6.46×10−8 [287], compared
to BR(pi0 → γγ) ' 0.99. Specifically, the absorptive part of pi0 → e+e− decay rate1 is given by [211,212]
Γabsp(pi
0 → e+e−)
Γ(pi0 → γγ) =
1
2
α2
(
me
mpi
)2
1
β
(
log
1 + β
1− β
)2
, (3.5.143)
where β =
√
1− 4m2e/m2pi. For LQ mediation, the suppression factor (me/mpi)2 ∼ 1.4 × 10−5 is replaced by
the factor (mpi/mω)4 ∼ 3.3 × 10−16 for a TeV-scale LQ. Similar suppression occurs for the η decay processes
η → `+`− (with ` = e or µ) [211,213]. Therefore, both pion and η decay constraints turn out to be much weaker
than those from τ decay given in Table 3.14.
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Process Exp. limit [287] Constraint
τ → µpi0 BR < 1.1× 10−7 |λµdλ?τd| < 9.3× 10−2
(
mω
TeV
)2
τ → epi0 BR < 8× 10−8 |λedλ?τd| < 7.9× 10−2
(
mω
TeV
)2
τ → µη BR < 6.5× 10−8 |λµdλ?τd| < 9.5× 10−2
(
mω
TeV
)2
τ → eη BR < 9.2× 10−8 |λedλ?τd| < 1.1× 10−1
(
mω
TeV
)2
τ → µη′ BR < 1.3× 10−7 |λµdλ?τd| < 2.3× 10−1
(
mω
TeV
)2
τ → eη′ BR < 1.6× 10−7 |λedλ?τd| < 2.5× 10−1
(
mω
TeV
)2
Table 3.14: Constraints on couplings and the LQ mass from semileptonic tau decays. Exactly the same
constraints apply to λ′ couplings, with mω replaced by mχ.
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Figure 3.27: Feynman diagram for rare leptonic and semileptonic D-meason decays mediate by the χ lepto-
quark.
F Rare D-meson decays
The coupling matrix λ′ of Eq. (3.5.109) contains, even with only diagonal entries, flavor violating couplings in
the quark sector. To see this, we write the interaction terms in a basis where the down quark mass matrix is
diagonal. Such a choice of basis is always available and conveniently takes care of the stringent constraints in
the down-quark sector, such as from rare kaon decays. The χ leptoquark interactions with the physical quarks,
in this basis, read as
−LY ⊃ λ′αd (ναdχ? − `αV ?iduiχ?) + H.c. (3.5.144)
Here V is the CKM mixing matrix. In particular, the Lagrangian contains the following terms:
−LY ⊃ −λ′αd (V ?ud`αuχ? + V ?cd`αcχ?) + H.c. (3.5.145)
1The dispersive part of pi0 → e+e− decay rate is found to be 32% smaller than the absorptive part in the vector meson
dominance [211].
89
The presence of these terms will result in the rare decays D0 → `+`− as well as D → pi`+`− where ` = e, µ.
The partial width for the decay D0 → `+`− is given by
ΓD0→`−α `+α =
|λ′αdλ′?αd|2|VudV ?cd|2
128pi
m2`f
2
DmD
m4χ
(
1− 2m
2
`
m2D
)(
1− 4m
2
`
m2D
)1/2
. (3.5.146)
Here we have used the effective Lagrangian arising from integrating out the χ field to be
Leff =
λ′αdλ
′?
βd
2m2χ
(u¯Lγ
µcL)(¯`βLγ
µ`αL) (3.5.147)
and the hadronic matrix element
〈D0|u¯γµγ5c|0〉 = −ifDpµ . (3.5.148)
Using fD = 200 MeV, we list the constraint arising from this decay in Table 3.15. It will turn out that the NSI
parameter εµµ will be most constrained by the limit D0 → µ+µ−, in cases where χ leptoquark is the mediator.
Note that this limit only applies to SU(2)L singlet and triplet LQ fields, and not to the doublet LQ field Ω.
The doublet LQ field always has couplings to a SU(2)L singlet quark field, which does not involve the CKM
matrix, and thus has not quark flavor violation arising from V .
The semileptonic decay D+ → pi+`+`− is mediated by the same effective Lagrangian as in Eq. (3.5.147).
The hadronic matrix element is now given by
〈pi+(p2)|u¯γµc|D+(p1)〉 = F+(q2)(p1 + p2)µ + F−(q2)(p1 − p2)µ (3.5.149)
with q2 = (p1 − p2)2. Since the F−(q2) term is proportional to the final state lepton mass, it can be ignored.
For the form factor F+(q2) we use
F+(q
2) =
fD
fpi
gD?Dpi
1− q2/m2D?
. (3.5.150)
For the D? → Dpi decay constant we use gD?Dpi = 0.59 [214]. Vector meson dominance hypothesis gives very
similar results [215]. With these matrix elements, the decay rate is given by
ΓD+→pi+`+α `−β =
[ |λ′αdλ′?βd|
4m2χ
fD
fpi
gD?Dpi|VudV ?cd|
]2
1
64pi3mD
F . (3.5.151)
The function F is defined as
F = m
2
D?
12m2D
[
−2m6D + 9m4Dm2D? − 6m2Dm4D? − 6(m2D? −m2D)2m2D? log
(
m2D? −m2D
m2D?
)]
.
Note that in the limit of infinite D? mass, this function F reduces to m6D/24. The numerical value of the
function is F ' 2.98 GeV6. Using fD = 200 MeV, fpi = 130 MeV, gD?Dpi = 0.59 and the experimental upper
limits on the corresponding branching ratios [287], we obtain bounds on the λ′ couplings as shown in Table 3.15.
These semileptonic D decays have a mild effect on the maximal allowed NSI. Note that the experimental limits
on D0 → pi0`+`− are somewhat weaker than the D+ decay limits and are automatically satisfied when the D+
semileptonic rates are satisfied.
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Process Exp. limit [287] Constraint
D0 → e+e− BR < 7.9× 10−8 |λ′ed| < 16.7
( mχ
TeV
)
D0 → µ+µ− BR < 6.2× 10−9 |λ′µd| < 0.614
( mχ
TeV
)
D+ → pi+e+e− BR < 1.1× 10−6 |λ′ed| < 0.834
( mχ
TeV
)
D+ → pi+µ+µ− BR < 7.3× 10−8 |λ′µd| < 0.426
( mχ
TeV
)
D+ → pi+e+µ− BR < 3.6× 10−6 |λ′µdλ′?ed| < 1.28
( mχ
TeV
)2
Table 3.15: Constraints on the χ leptoquark Yukawa couplings from D0 → `+`− and D+ → pi+`+`− decays.
LQ LEP HERA
type Exp. bound [143] Constraint Exp. bound [216] Constraint
ω2/3 Λ−LR > 5.1 TeV
mω
|λed| > 1.017 TeV Λ
−
LR > 4.7 TeV
mω
|λed| > 0.937 TeV
χ−1/3 Λ−LL > 3.7 TeV
mχ
|λed| > 0.738 TeV Λ
−
LL > 12.8 TeV
mχ
|λed| > 2.553 TeV
Table 3.16: Constraints on the ratio of LQ mass and the Yukawa coupling from LEP [143] and HERA [216]
contact interaction bounds.
3.5.2 Contact interaction constraints
High-precision measurements of inclusive e±p → e±p scattering cross sections at HERA with maximum √s =
320 GeV [216] and e+e− → qq¯ scattering cross sections at LEP II with maximum √s = 209 GeV [143] can
be used in an effective four-fermion interaction theory to set limits on the new physics scale Λ >
√
s that can
be translated into a bound in the LQ mass-coupling plane. This is analogous to the LEP contact interaction
bounds derived in the Zee model 3.4.6. Comparing the effective LQ Lagrangian 3.5.116 with Eq. 4.4.27 (for
f = u, d), we see that for the doublet LQ, the only relevant chirality structure is LR, whereas for the singlet LQ,
it is LL, with ηdLR = η
u
LL = −1. The corresponding experimental bounds on Λ− and the resulting constraints
on LQ mass and Yukawa coupling are given in Table 3.16.
In principle, one could also derive an indirect bound on LQs from the inclusive dilepton measurements at the
LHC, because the LQ will give an additional t-channel contribution to the process pp→ `+`−. However, for a
TeV-scale LQ as in our case, the LHC contact interaction bounds [217,218] with
√
s = 13 TeV are not applicable.
Recasting the LHC dilepton searches in the fully inclusive category following Ref. [219] yields constraints weaker
than those coming from direct LQ searches shown in Fig. 3.29.
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3.5.3 LHC constraints
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Figure 3.28: Feynman diagrams for pair- and single-production of LQ at the LHC.
In this section, we derive the LHC constraints on the LQ mass and Yukawa couplings which will be used in
the next section for NSI studies.
A Pair production
At hadron colliders, LQs can be pair-produced through either gg or qq¯ fusion, as shown in Fig. 3.28 (a), (b)
and (c). Since LQs are charged under SU(3)c, LQ pair production at LHC is a QCD driven process, solely
determined by the LQ mass and strong coupling constant, irrespective of their Yukawa couplings. Although there
is a t-channel diagram [cf. Fig. 3.28 (c)] via charged lepton exchange through which LQ can be pair-produced
via quark fusion process, this cross-section is highly suppressed compared to the s-channel pair production
cross-section.
There are dedicated searches for pair production of first [220, 221], second [221–223] and third genera-
tion [223–225] LQs at the LHC. Given the model Lagrangian 3.5.109, we are interested in the final states
containing either two charged leptons and two jets (``jj), or two neutrinos and two jets (ννjj). Note that for
the doublet LQ Ω = (ω2/3, ω−1/3), the jets will consist of down-type quarks, while for the singlet LQ χ−1/3,
the jets will be of up-type quarks. For the light quarks u, d, c, s, there is no distinction made in the LHC LQ
searches; therefore, the same limits on the corresponding LQ masses will apply to both doublet and singlet
LQs. The only difference is for the third-generation LQs, where the limit from τ+τ−bb¯ final state is somewhat
stronger than that from τ+τ−tt¯ final state [223,225].
In Fig. 3.29, we have shown the LHC limits on LQ mass as a function of the corresponding branching ratios
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Figure 3.29: LHC constraints on scalar LQ in the LQ mass and branching ratio plane. For a given channel,
the branching ratio is varied from 0 to 1, without specifying the other decay modes which compensate for the
missing branching ratios to add up to one. Black, red, green, blue, brown and purple solid lines represent
present bounds from the pair production process at the LHC, i.e., looking for e+e−jj, µ+µ−jj, τ+τ−bb¯, τ+τ−tt¯,
τ+τ−jj and νν¯jj signatures respectively. These limits are independent of the LQ Yukawa coupling. On the
other hand, black (red) dashed, dotted and dot-dashed lines indicate the bounds on LQ mass from the single
production in association with one charged lepton for LQ couplings λed (µd) = 2, 1.5 and 1 respectively for first
(second) generation LQ.
for each channel. For a given channel, the branching ratio is varied from 0 to 1, without specifying the other
decay modes which compensate for the missing branching ratios to add up to one. For matter NSI, the relevant
LQ couplings must involve either up or down quark. Thus, for first and second generation LQs giving rise to
NSI, we can use e+e−jj and µ+µ−jj final states from LQ pair-production at LHC to impose stringent bounds
on the λαd and λ′αd couplings (with α = e, µ) which are relevant for NSI involving electron and muon flavors.
There is no dedicated search for LQs in the τ+τ−jj channel to impose similar constraints on λτd and λ′τd
relevant for tau-flavor NSI. There are searches for third generation LQ [224,225] looking at τ+τ−bb¯ and τ+τ−tt¯
signatures which are not relevant for NSI, since we do not require λ′τt (for χ−1/3) or λτb (for ω2/3) couplings. For
constraints on λτd, we recast the τ+τ−bb¯ search limits [223–225] taking into account the b-jet misidentification
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as light jets, with an average rate of 1.5% (for a b-tagging efficiency of 70%) [226]. As expected, this bound is
much weaker, as shown in Fig. 3.29.
However, a stronger bound on NSI involving the tau-sector comes from νν¯jj final state. From the La-
grangian 3.5.109, we see that the same λτd coupling that leads to τ+τ−dd final state from the pair-production
of ω2/3 also leads to ντ ν¯τdd final state from the pair-production of the SU(2)L partner LQ ω−1/3, whose mass
cannot be very different from that of ω2/3 due to electroweak precision data constraints (similar to the Zee
model case, cf. Sec. 3.4.4). Since the final state neutrino flavors are indistinguishable at the LHC, the νν¯jj
constraint will equally apply to all λαd (with α = e, µ, τ) couplings which ultimately restrict the strength of
tau-sector NSI, as we will see in the next subsection. The same applies to the λ′τd couplings of the singlet LQ
χ−1/3, which are also restricted by the νν¯jj constraint.
B Single production
LQs can also be singly produced at the collider in association with charged leptons via s- and t- channel
quark-gluon fusion processes, as shown in Fig. 3.28 (d) and (e). The single production limits, like the indirect
low-energy constraints, are necessarily in the mass-coupling plane. This signature is applicable to LQs of
all generations. In Fig. 3.29, we have shown the collider constraints in the single-production channel for
some benchmark values of the first and second generation LQ couplings λed and λµd (since d jets cannot
be distinguished from s jets) equal to 1, 1.5 and 2 by dot-dashed, dotted and dashed curves respectively. The
single-production limits are more stringent than the pair-production limits only for large λed, but not for λµd.
There is no constraint in the τj channel, and the derived constraint from τb channel is too weak to appear in
this plot.
C How light can the leptoquark be?
There is a way to relax the νν¯jj constraint and allow for smaller LQ masses for the doublet components. This
is due to a new decay channel ω−1/3 → ω2/3 +W− which, if kinematically allowed, can be used to suppress the
branching ratio of ω−1/3 → νd decay for relatively smaller values of λαd couplings, thereby reducing the impact
of the νν¯jj constraint. The partial decay widths for ω−1/3 → ω2/3 + W− and ω−1/3 → ναdβ are respectively
given by
Γ(ω−1/3 → ω2/3W−) = 1
32pi
m3
ω−1/3
v2
(
1− m
2
ω2/3
m2
ω−1/3
)2
×
[{
1−
(
mω2/3 +mW
mω−1/3
)2}{
1−
(
mω2/3 −mW
mω−1/3
)2}]1/2
, (3.5.152)
Γ(ω−1/3 → ναdβ) = |λαβ |
2
16pi
mω−1/3 . (3.5.153)
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In deriving Eq. 3.5.152, we have used the Goldstone boson equivalence theorem, and in Eq. 3.5.153, the factor in
the denominator is not 8pi (unlike the SM h→ bb¯ case, for instance), because only one helicity state contributes.
The lighter LQ ω2/3 in this case can only decay to `αdβ with 100% branching ratio. Using the fact that
constraints from τ+τ−jj channel are weaker, one can allow for ω2/3 as low as 522 GeV, as shown in Fig. 3.29
by the solid brown curve, when considering the λτd coupling alone. This is, however, not applicable to the
scenario when either λed or λµd coupling is present, because of the severe constraints from e+e−jj and µ+µ−jj
final states.
3.5.4 NSI prediction
dcρ νβ
να dcσ
ω−1/3
dρ νβ
να dσ
χ−1/3
Figure 3.30: Tree-level NSI diagrams with the exchange of heavy LQs: (a) for doublet LQ with Yukawa
λ ∼ O(1), and (b) for singlet LQ with Yukawa λ′ ∼ O(1).
The LQs ω−1/3 and χ−1/3 in the model have couplings with neutrinos and down-quark (cf. Eq. 3.5.109),
and therefore, induce NSI at tree level as shown in Fig. 3.30 via either λ or λ′ couplings. From Fig. 3.30, we
can write down the effective four-fermion Lagrangian as
L = λ
?
αdλβd
m2ω
(d¯RνβL)(ν¯αLdR) +
λ′?αdλ
′
βd
m2χ
(d¯LνβL)(ν¯αLdL)
= −1
2
[
λ?αdλβd
m2ω
(d¯Rγ
µdR)(ν¯αLγµνβL) +
λ′?αdλ
′
βd
m2χ
(d¯Lγ
µdL)(ν¯αLγµνβL)
]
, (3.5.154)
where we have used Fierz transformation in the second step. Comparing Eq. 3.5.154 with Eq. 3.3.9, we obtain
the NSI parameters
εdαβ =
1
4
√
2 GF
(
λ?αdλβd
m2ω
+
λ′?αdλ
′
βd
m2χ
)
. (3.5.155)
For Yn(x) ≡ Nn(x)Np(x) = 1, one can obtain the effective NSI parameters from Eq. 3.3.13 as
εαβ ≡ 3εdαβ =
3
4
√
2 GF
(
λ?αdλβd
m2ω
+
λ′?αdλ
′
βd
m2χ
)
. (3.5.156)
To satisfy the neutrino mass constraint [cf. Eq. 3.5.115], we can have either λ or λ′ couplings of O(1), but not
both simultaneously. As mentioned in Sec. 3.5.1, the choice λ′  1 and λ ∼ O(1) is less constrained from cLFV.
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A Doublet leptoquark
First, taking the λ-couplings only and ignoring the λ′ contributions, we show in Figs. 3.31 and 3.32 the predic-
tions for diagonal (εee, εµµ, εττ ) and off-diagonal (εeµ, εµτ , εeτ ) NSI parameters respectively from Eq. 3.5.156
by black dotted contours. Colored shaded regions in each plot are excluded by various theoretical and ex-
perimental constraints. In Figs. 3.31 (b) and (c), the yellow colored regions are excluded by perturbativity
constraint, which requires the LQ coupling λαd <
√
4pi√
3
[227]. Red shaded region in Fig. 3.31 (a) is excluded
by the APV bound (cf. Sec. A), while the brown and cyan regions are excluded by HERA and LEP contact
interaction bounds, respectively (cf. Table 3.16). Red shaded region in Fig. 3.31 (c) is excluded by the global fit
constraint from neutrino oscillation+COHERENT data [108]. Blue shaded regions in Figs. 3.31 (a) and (b) are
excluded by LHC LQ searches (cf. Fig. 3.29) in the pair-production mode for small λαd (which is independent
of λαd) and single-production mode for large λαd) with α = e, µ. Here we have assumed 50% branching ratio to
ej or µj, and the other 50% to τd in order to relax the LHC constraints and allow for larger NSI. Blue shaded
region in Fig. 3.31 (c) is excluded by the LHC constraint from the νν¯jj channel, where the vertical dashed line
indicates the limit assuming BR(ω−1/3 → νd) = 100%, and the unshaded region to the left of this line for small
λτd is allowed by opening up the ω−1/3 → ω2/3W− channel (cf. Sec. C). Note that we cannot completely switch
off the ω−1/3 → νd channel, because that would require λτd → 0 and in this limit, the NSI will also vanish.
The red line in Fig. 3.31 (b) is the suggestive limit on εdRαβ from NuTeV data [188] (cf. Table 3.17). This is not
shaded because there is a 2.7σ discrepancy of their s2w measurement with the PDG average [287] and a possible
resolution of this might affect the NSI constraint obtained from the same data. Here we have rederived the
NuTeV limit following Ref. [188], but using the latest value of s2w (on-shell) [287] (without including NuTeV).
Specifically, we have used the NuTeV measurement of the effective coupling (g˜µR)
2
= 0.0310 ± 0.0011 from
νµq → νq scatterings [228] which is consistent with the SM prediction of (g˜µR)2SM = 0.0297. Here (g˜µR)
2 is
defined as
(g˜µR)
2
=
(
guR + ε
uR
µµ
)2
+
(
gdR + ε
dR
µµ
)2
, (3.5.157)
where guR = − 23s2w and gdR = 13s2w are the Z couplings to right-handed up and down quarks respectively. Only
the right-handed couplings are relevant here, since the effective NSI Lagrangian 3.5.154 involves right-handed
down-quarks for the doublet LQ component ω2/3. In Eq. 3.5.157, setting εuRµµ = 0 for this LQ model and
comparing (g˜µR)
2 with the measured value, we obtain a 90% CL on εdRµµ < 0.029, which should be multiplied by
3 (since εαβ ≡ 3εdRαβ) to get the desired constraint on εαβ shown in Fig. 3.31 (b).
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Figure 3.31: Predictions for diagonal NSI (εee, εµµ, εττ ) induced by doublet LQ in the one-loop LQ model are
shown by black dotted contours. Colored shaded regions are excluded by various theoretical and experimental
constraints. Yellow colored region is excluded by perturbativity constraint on LQ coupling λαd [227]. Blue
shaded region is excluded by LHC LQ searches (Fig. 3.29) in subfigure (a) by e+jets channel (pair production
for small λed and single-production for large λed), in subfigure (b) by µ+jets channel, and in subfigure (c) by
ν+jet channel. In (a), the red, brown and cyan shaded regions are excluded by the APV bound (cf. Eq. 3.5.126),
HERA and LEP contact interaction bounds (cf. Table 3.16) respectively. In (b), the red line is the suggestive
limit from NuTeV [188]. In (c), the red shaded region is excluded by the global fit constraint from neutrino
oscillation+COHERENT data [108]. We also show the future DUNE sensitivity in blue solid lines for both 300
kt.MW.yr and 850 kt.MW.yr [113].
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Figure 3.32: Predictions for off-diagonal NSI (εeµ, εµτ , εeτ ) induced by the doublet LQ in the one-loop
LQ model are shown by black dotted contours. Colored shaded regions are excluded by various theoretical
and experimental constraints. Blue shaded area is excluded by LHC LQ searches (cf. Fig. 3.29). In (a) and
(b), the brown and green shaded regions are excluded by τ → `pi0 and τ → `η (with ` = e, µ) constraints
(cf. Table 3.14). In (a), the red shaded region is excluded by the global fit constraint on NSI from neutrino
oscillation+COHERENT data [108]. In (b), the yellow shaded region is excluded by perturbativity constraint
on LQ coupling λαd [227] combined with APV constraint (cf. Eq. 3.5.126). In (c), the red shaded region is
excluded by µ→ e conversion constraint. Also shown in (b) are the future DUNE sensitivity in blue solid lines
for both 300 kt.MW.yr and 850 kt.MW.yr [113].
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Figure 3.33: Additional low-energy constraints on NSI induced by singlet LQ. Subfigure (a) has the same APV
and LHC constraints as in Fig. 3.18 (a), the modified HERA and LEP contact interaction bounds (cf. Table 3.16),
plus the D+ → pi+e+e− constraint, shown by green shaded region (cf. Sec. F). Subfigure (b) has the same
constraints as in Fig. 3.18 (b), plus the D+ → pi+µ+µ− constraint, shown by light-green shaded region, and
D0 → µ+µ− constraint shown by brown shaded region (cf. Sec. F). Subfigure (c) has the same constraints
as in Fig. 3.19 (a), plus the τ → µγ constraint, shown by purple shaded region. Subfigure (d) has the same
constraints as in Fig. 3.19 (b), plus the τ → eγ constraint, shown by purple shaded region.
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For εee, the most stringent constraint comes from APV (Sec. A), as shown by the red shaded region in
Fig. 3.31 (a) which, when combined with the LHC constraints on the mass of LQ, rules out the possibility of
any observable NSI in this sector. Similarly, for εµµ, the most stringent limit comes from NuTeV. However, if
this constraint is not considered, εµµ can be as large as 21.6%. On the other hand, εττ can be as large as 34.3%,
constrained only by the LHC constraint on the LQ mass and perturbative unitarity constraint on the Yukawa
coupling (cf. Fig. 3.31 (c)). This is within the future DUNE sensitivity reach, at least for the 850 kt.MW.yr (if
not 300 kt.MW.yr) exposure [113], as shown in Fig. 3.31 (c). Note that from oscillation data alone, εττ − εµµ
is constrained to be less than 9.5% [108].
As for the off-diagonal NSI in Fig. 3.19, the LHC constraints (cf. Sec. 3.5.3) are again shown by blue shaded
regions. The yellow shaded region in Fig. 3.19 (b) is from the combination of APV and perturbative unitarity
constraints. However, the most stringent limits for all the off-diagonal NSI come from cLFV processes. In
particular, τ → `pi0 and τ → `η (with ` = e, µ) impose strong constraints (cf. Sec. E) on εµτ and εeτ , as
shown in Figs. 3.32 (a) and (b). For εeµ, the most stringent limit comes from µ − e conversion (cf. Sec. B),
as shown in Fig. 3.32 (c). The maximum allowed NSI in each case is tabulated in Table 3.17, along with the
current constraints from neutrino-nucleon scattering experiments, like CHARM [188], COHERENT [229] and
IceCube [230], as well as the global fit constraints from neutrino oscillation+COHERENT data [108] and future
DUNE sensitivity [113]. It turns out that the cLFV constraints have essentially ruled out the prospects of
observing any off-diagonal NSI in this LQ model in future neutrino experiments. This is consistent with general
arguments based on SU(2)L gauge-invariance [68].
B Singlet leptoquark
Now if we take the λ′ couplings instead of λ in Eq. 3.5.156, the NSI predictions, as well as the constraints, can
be analyzed in a similar way as in Figs. 3.31 and 3.32. Here the APV (cf. Eq. 3.5.126), as well as the LEP and
HERA contact interaction constraints on εee (cf. Table 3.16) are somewhat modified. In addition, there are new
constraints from D+ → pi+`+`− and D0 → `+`− (cf. Sec. F) for εee and εµµ, as shown in Fig. 3.33 (a) and (b).
For εee, the D+ → pi+e+e− constraint turns out to be much weaker than the APV constraint. The D0 → e+e−
constraint is even weaker and does not appear in Fig. 3.33 (a). However, for εµµ, the D+ → pi+µ+µ− constraint
turns out to be the strongest, limiting the maximum allowed value of εµµ to a mere 0.8%, as shown in Fig. 3.33
(b) and in Table 3.17.
The NuTeV constraint also becomes more stringent here due to the fact that the singlet LQ χ couples to
left-handed quarks (cf. Eq. 3.5.154). So it will affect the effective coupling
(
g˜`L
)
. For εµµ, we use the NuTeV
measurement of (g˜µL)
2
= 0.3005 ± 0.0014 from νµq → νq scatterings [228] which is 2.7σ smaller than the SM
100
LQ model prediction (Max.) Scattering Global fit DUNE
NSI Doublet Singlet constraints constraints [108] sensitivity [113]
εee 0.004 0.0069 [−1.8, 1.5] [188] [−0.036, 1.695] [−0.185, 0.380]
(LHC + APV) (LHC+HERA) ([−0.130, 0.185])
εµµ 0.216 0.0086 [−0.024, 0.045] [188] [−0.309, 1.083] [−0.290, 0.390]
(LHC+PU) (D → piµµ) [0.0277, 0.0857] (ours) ([−0.192, 0.240])
εττ 0.343 [−0.225, 0.99] [229] [−0.306, 1.083] [−0.360, 0.145]
(LHC + Unitarity) ([−0.120, 0.095])
εeµ 1.5× 10−7 [−0.21, 0.12] [229] [−0.174, 0.147] [−0.025, 0.052]
(LHC + µ− e conv.) ([−0.017, 0.040])
εeτ 0.0036 [−0.39, 0.36] [229] [−0.618, 0.330] [−0.055, 0.023]
(LHC + τ → epi0) ([−0.042, 0.012])
εµτ 0.0043 [−0.018, 0.0162] [230] [−0.033, 0.027] [−0.015, 0.013]
(LHC + τ → µpi0) ([−0.010, 0.010])
Table 3.17: Maximum allowed NSI (with d-quarks) in the one-loop LQ model, after imposing the constraints
from APV (Sec. A), cLFV (Secs. B, E, F), LEP and HERA contact interaction (Sec. 3.5.2), perturbative
unitarity and collider (Secs. 3.5.3) constraints. We also impose the constraints from neutrino-nucleon scattering
experiments, like CHARM II [188], NuTeV [188], COHERENT [229] and IceCube [230], as well as the global fit
constraints from neutrino oscillation+COHERENT data [108], whichever is stronger. The scattering and global
fit constraints are on εdαβ , so it has been scaled by a factor of 3 for the constraint on εαβ in the Table. The
maximum allowed value for each NSI parameter is obtained after scanning over the LQ mass (see Figs. 3.31 and
3.32) and the combination of the relevant constraints limiting the NSI are shown in parentheses in the second
column. The same numbers are applicable for the doublet and singlet LQ exchange, except for εee where the
APV constraint is weaker than HERA (Fig. 3.33 (a))) and for εµµ which has an additional constraint from
D+ → pi+µ+µ− decay (see Fig. 3.33 (b)). In the last column, we also show the future DUNE sensitivity [113]
for 300 kt.MW.yr exposure (and 850 kt.MW.yr in parentheses).
prediction of (g˜µL)
2
SM = 0.3043. Here (g˜
µ
L)
2 is defined as
(g˜µL)
2
=
(
guL + ε
uL
µµ
)2
+
(
gdL + ε
dL
µµ
)2
, (3.5.158)
where guL =
1
2 − 23s2w and gdL = − 12 + 13s2w. For the SM prediction, we have used the latest PDG value for
on-shell s2w = 0.22343 from a global fit to electroweak data (without NuTeV) [287] and comparing (g˜
µ
L)
2 with
the measured value, derive a 90% CL constraint on 0.0018 < εµµ < 0.8493. Note that this prefers a non-zero
εµµ at 90% CL (1.64σ) because the SM with εµµ = 0 is 2.7σ away and also because there is a cancellation
between gdL (which is negative) and εµµ (which is positive) in Eq. 3.5.158 to lower the value of (g˜
µ
L)
2 to within
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1.64σ of the measured value.
For the off-diagonal sector, there are new constraints from τ → `γ relevant for εµτ and εeτ , as shown in
Figs. 3.33 (c) and (d). However, these are less stringent than the τ → `pi0 and τ → `η constraints discussed
before. There are no new constraints for εττ and εeµ that are stronger than those shown in Figs. 3.31 (c) and
3.32 (c) respectively, so we do not repeat these plots again in Fig. 3.33.
3.6 NSI in a triplet leptoquark model
⟨H0⟩
ρ¯1/3ω−1/3
να d
c
γ dγ νβ
Figure 3.34: Neutrino mass generation in the one-loop model with both doublet and triplet leptoquarks. This
is the O93 model of Table 3.3 [79].
This is the O93 model of Table 3.3 [79]. In this model, two new fields are introduced – an SU(2)L-triplet
scalar LQ ρ¯
(
3¯,3, 13
)
=
(
ρ¯4/3, ρ¯1/3, ρ¯−2/3
)
and an SU(2)L-doublet LQ Ω
(
3,2, 16
)
=
(
ω2/3, ω−1/3
)
. The relevant
Lagrangian for the neutrino mass generation can be written as
−LY ⊃ λαβLαdcαΩ + λ′αβLαQβ ρ¯+ H.c. = λαβ
(
ναd
c
βω
−1/3 − `αdcβω2/3
)
+λ′αβ
[
`αdβ ρ¯
4/3 − 1√
2
(ναdβ + `αuβ) ρ¯
1/3 + ναuβ ρ¯
−2/3
]
+ H.c. (3.6.159)
These interactions, along with the potential term
V ⊃ µΩ˜ρH + H.c. = µ
[
ω?1/3ρ−4/3H+ +
1√
2
(
ω?1/3H0 − ω?−2/3H+
)
ρ−1/3
− ω?−2/3ρ2/3H0
]
+ H.c. , (3.6.160)
where ρ¯ is related to ρ by charge conjugation as ρ
(
3,3,− 13
)
=
(
ρ2/3, −ρ−1/3, ρ−4/3), induce neutrino mass at
one-loop level via the O93 operator in the notation of Ref. [79], as shown in Fig. 3.34. The neutrino mass matrix
can be estimated as
Mν ∼ 1
16pi2
µv
M2
(
λMdλ
′T + λ′MdλT
)
, (3.6.161)
where Md is the diagonal down-type quark mass matrix and M ≡ max(mω,mρ). The NSI parameters read as
εαβ =
3
4
√
2GF
(
λ?αdλβd
m2ω
+
λ′?αuλ
′
βu
m2
ρ−2/3
+
λ′?αdλ
′
βd
2m2
ρ1/3
)
. (3.6.162)
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Note that both λ and λ′ cannot be large at the same time due to neutrino mass constraints (cf. Eq. 3.6.161).
For λ  λ′, this expression is exactly the same as the doublet LQ contribution derived in Eq. 3.5.156 and the
corresponding maximum NSI can be read off from Table 3.17 for the doublet component.
On the other hand, for λ′  λ, the third term in Eq. 3.6.162 is analogous to the down-quark induced singlet
LQ NSI given in Eq. 3.5.156 (except for the Clebsch-Gordan factor of (1/
√
2)2), whereas the second term is a new
contribution from the up-quark sector. Note that both terms depend on the same Yukawa coupling λ′αu = λ′αd
in the Lagrangian 3.6.159. This is unique to the triplet LQ model, where neutrinos can have sizable couplings
to both up and down quarks simultaneously, without being in conflict with the neutrino mass constraint. As a
result, some of the experimental constraints quoted in Sec. 3.5 which assumed the presence of only down-quark
couplings of LQ will be modified in the triplet case, as discussed below:
3.6.1 Atomic parity violation
The shift in the weak charge given by Eq. 3.5.121 is modified to
δQw(Z,N) =
1
2
√
2GF
[
(2Z +N)
|λ′eu|2
2m2
ρ1/3
− (Z + 2N) |λ
′
ed|2
m2
ρ4/3
]
. (3.6.163)
Assuming mρ1/3 = mρ4/3 ≡ mρ and noting that λ′αu = λ′αd in Eq. 3.6.159, we obtain
δQw
(
133
55 Cs
)
= − 117
2
√
2GF
|λ′ed|2
m2ρ
. (3.6.164)
Comparing this with the 2σ allowed range 3.5.125, we obtain the modified constraint
|λ′ed| < 0.29
( mρ
TeV
)
, (3.6.165)
which is weaker (stronger) than that given by Eq. 3.5.126 for the SU(2)L-doublet (singlet) LQ alone.
3.6.2 µ− e conversion
From Eq. 3.5.127, we see that for the triplet case, the rate of µ− e conversion will be given by
BR(µN → eN) ' |~pe|Eem
3
µα
3Z4effF
2
p
64pi2ZΓN
(2A− Z)2
(
|λ′?edλ′µd|
m2
ρ4/3
+
|λ′?euλ′µu|
2m2
ρ1/3
)2
, (3.6.166)
For degenerate ρ-mass and λ′`d = λ
′
`u, we obtain the rate to be (3/2)
2 times larger than that given in Eq. 3.5.127.
Therefore, the constraints on |λ′?edλ′µd| given in Table 3.12 will be a factor of 3/2 stronger.
3.6.3 Semileptonic tau decays
The semileptonic tau decays such as τ− → `−pi0, `−η, `−η′ will have two contributions from ρ¯1/3 and ρ¯4/3.
The relevant terms in the Lagrangian 3.7.195 are
−LY ⊃ λ′αβ
(
− 1√
2
`αuβ ρ¯
1/3 + `αdβ ρ¯
4/3
)
+ H.c.
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Process Exp. limit [287] Constraint
τ → µpi0 BR < 1.1× 10−7 |λ′µdλ′?τd| < 1.9× 10−1
( mρ
TeV
)2
τ → epi0 BR < 8× 10−8 |λ′edλ′?τd| < 1.6× 10−1
( mρ
TeV
)2
τ → µη BR < 6.5× 10−8 |λ′µdλ′?τd| < 6.3× 10−2
( mρ
TeV
)2
τ → eη BR < 9.2× 10−8 |λ′edλ′?τd| < 7.3× 10−2
( mρ
TeV
)2
τ → µη′ BR < 1.3× 10−7 |λ′µdλ′?τd| < 1.5× 10−1
( mρ
TeV
)2
τ → eη′ BR < 1.6× 10−7 |λ′edλ′?τd| < 1.7× 10−1
( mρ
TeV
)2
Table 3.18: Constraints on couplings and the LQ mass from semileptonic tau decays in the triplet LQ case.
Here we have assumed all the triplet fields (ρ¯4/3, ¯rho1/3, ρ¯−2/3) to have the same mass mρ.
⊃ λ′τd
(
− 1√
2
τV ?uduρ¯
1/3 + τdρ¯4/3
)
+ λ`d
(
− 1√
2
`V ?uduρ¯
1/3 + `dρ¯4/3
)
+ H.c. , (3.6.167)
where we have assumed a basis with diagonal down-type quark sector. Using the matrix element 3.5.136, we
find the modified decay rate for τ− → `−pi0 from Eq. 3.5.134:
Γτ→`pi0 =
|λ′`dλ′?τd|2
1024pi
f2pim
3
τFτ (m`,mpi)
(
1
m2
ρ4/3
− 1
2m2
ρ−1/3
)2
. (3.6.168)
Thus, for mρ−1/3 = mρ4/3 , the τ− → `−pi0 decay rate is suppressed by a factor of 1/4, compared to the doublet
or singlet LQ case (cf. Eq. 3.5.134). So the constraints on λ′`dλ
?
τd from τ → `pi0 shown in Table 3.14 will be a
factor of 2 weaker in the triplet LQ case.
On the other hand, using the matrix element 3.5.137, we find that the modified decay rate for τ− → `−η
becomes
Γτ→`η =
|λ′`dλ′?τd|2
1024pi
f2ηm
3
τFτ (m`,mη)
(
1
m2
ρ4/3
+
1
2m2
ρ−1/3
)2
, (3.6.169)
which is enhanced by a factor of 9/4 for mρ−1/3 = mρ4/3 , compared to the doublet or singlet LQ case. So
the constraints on λ`dλ?τd from τ → `η shown in Table 3.14 will be a factor of 3/2 stronger in the triplet LQ
case. The same scaling behavior applies to τ → `η′ constraints. These modified constraints are summarized in
Table 3.18.
3.6.4 `α → `β + γ
The cLFV decay `α → `β + γ arises via one-loop diagrams with the exchange of ρ¯ LQ fields, analogous to
Fig. 3.25. The relevant couplings in Eq. 3.6.159 have the form `uρ¯1/3 = ucPL`ρ¯1/3 for which QF = −2/3 and
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QB = 1/3 in the general formula 3.4.43, whereas for the couplings `dρ¯4/3 = dcPL`ρ¯4/3, we have QF = 1/3 and
QB = 4/3. Substituting these charges in Eq. 3.4.43 and taking the limit t = m2F /m
2
B → 0 (since the LQs are
expected to be much heavier than the SM charged leptons), we obtain
Γ(`α → `β + γ) = 9α
256
|λ′βdλ′?αd|
(16pi2)2
m5α
m4ρ
, (3.6.170)
where 9 = 32 is a color factor and we have assumed mρ−1/3 = mρ4/3 . The rate in Eq. 3.6.170 is 9/4 times
larger than that given in Eq. 3.5.133 for the singlet LQ case. Therefore, the constraints on |λ′βdλ′?αd| derived in
Table 3.13 will be weakened by a factor of 3/2.
3.6.5 D-meson decays
The `αuβ ρ¯1/3 and `αdβ ρ¯4/3 terms in Eq. 3.7.195 induce flavor violating quark decays. Following the discussion
in Sec. F, we work in a basis where the down quark mass matrix is diagonal, so there are no constraints from rare
kaon decays. However, the `αuβ ρ¯1/3 term in Eq. 3.7.195 now becomes `αV ?iduiρ¯
1/3 which induces D0 → `+`−
and D+ → pi+`+`− decays. The analysis will be the same as in Sec. F, except that the λ′αd couplings will now
be replaced by λ′αd/
√
2. Correspondingly, the constraints on |λ′αd| given in Table 3.15 will be
√
2 times weaker.
For instance,
|λ′µd| <

0.868
( mρ
TeV
)
from D0 → µ+µ−
0.602
( mρ
TeV
)
from D+ → pi+µ+µ−
. (3.6.171)
3.6.6 Contact interaction constraints
The LEP and HERA contact interaction bounds discussed in Sec. 3.5.2 will also be modified in the triplet LQ
case. Here, the interactions are only of LL type, but the effective Yukawa coupling is
√
3/2 times that of the
singlet case in Table 3.16. The modified constraint is given by
mρ
|λ′ed|
=
√
3
16pi
ΛLL− >

0.904 TeV from LEP
3.127 TeV from HERA
. (3.6.172)
3.6.7 LHC constraints
The LHC constraints on the ρ¯ fields will be similar to the discussion in Sec. 3.5.3. Comparing the La-
grangians 3.5.109 and 3.7.195, we see that ρ¯1/3 will have the same decay modes to νj and `j, and therefore,
the same constraints as the singlet χ−1/3 discussed in Sec. B. In our analysis, we have assumed degenerate
mass spectrum for all the triplet LQ fields. But we note here that the ρ¯−2/3 component can in principle be
lighter, since it can only decay to νj for which the constraints are weaker (cf. Fig. 3.29). However, the mass
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splitting between ρ¯−2/3 and ρ¯1/3 cannot be more than ∼ 100 GeV from T -parameter constraints, analogous to
the charged scalar case discussed in Sec. 3.4.4 (cf. Fig. 3.7). In that case, the limit on mρ1/3 for 50% branching
ratio to νj and `j channels (since they are governed by the same λ′αd coupling), one can allow for mρ−2/3 as low
as 800 GeV or so.
3.6.8 NSI prediction
Taking into account all the constraints listed above, we show in Figs. 3.35 and 3.36 the predictions for diagonal
(εee, εµµ, εττ ) and off-diagonal (εeµ, εµτ , εeτ ) NSI parameters respectively from Eq. 3.6.162 by black dotted
contours. Colored shaded regions in each plot are excluded by various theoretical and experimental constraints,
as in Figs. 3.31 and 3.32. The main difference is in the NuTeV constraint shown in Fig. 3.35 (b), which is more
stringent than those shown in Figs. 3.31 (b) and 3.33 (b). The reason is that in presence of both εuLµµ and εdLµµ as
in this LQ model (cf. 3.6.159), the total contribution to (g˜µL)
2 in Eq. 3.5.158 is always positive, and therefore,
any nonzero εµµ will make the discrepancy worse than the SM case of 2.7σ. Therefore, we cannot impose a
90% CL (1.64σ) constraint from NuTeV in this scenario. The line shown in Fig. 3.35 (b) corresponds to the
3σ constraint on εµµ < 0.0007, which is subject to the same criticism as the discrepancy with the SM, and
therefore, we have not shaded the NuTeV exclusion region and do not consider it while quoting the maximum
allowed NSI.
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Figure 3.35: Predictions for diagonal NSI (εee, εµµ, εττ ) induced by the triplet LQ are shown by black dotted
contours. Colored shaded regions are excluded by various theoretical and experimental constraints. The labels
are same as in Fig. 3.31.
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Figure 3.36: Predictions for off-diagonal NSI (εeµ, εµτ , εeτ ) induced by the triplet LQ are shown by black
dotted contours. Colored shaded regions are excluded by various theoretical and experimental constraints. The
labels are same as in Fig. 3.32.
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Figure 3.37: One-loop neutrino mass in the minimal radiative inverse seesaw model [91]. This model induces
the operator O′2 of Eq. 3.7.174.
From Figs. 3.35 and 3.36, we find the maximum allowed values of the NSI parameters in the triplet LQ
model to be
εmaxee = 0.0059 , ε
max
µµ = 0.0007 , ε
max
ττ = 0.517 ,
εmaxeµ = 1.9× 10−8 , εmaxeτ = 0.0050 , εmaxµτ = 0.0038 . (3.6.173)
This is also summarized in Fig. 3.58 and in Table 3.20.
3.7 Other type-I radiative models
In this section, we briefly discuss the NSI predictions in other type-I radiative models at one-, two- and three-
loops. In each case, we present the new particle content, model Lagrangian, Feynman diagrams for neutrino mass
generation and expressions for neutrino mass, followed by the expression for NSI parameters. The maximum
NSI allowed in each model is summarized in Table 3.20.
3.7.1 One-loop models
A Minimal radiative inverse seesaw model
This is an exception to the general class of type-I radiative models, where the new particles running in the
loop will always involve a scalar boson. In this model, the SM Higgs and Z bosons are the mediators, with the
new particles being SM-singlet fermions.1 The low-energy effective operator that leads to neutrino mass in this
model is the dimension-7 operator
O′2 = LiLjHkH likjl(H†H) . (3.7.174)
1There is yet another possibility where the mediators could be new vector bosons; however, this necessarily requires some new
gauge symmetry and other associated Goldstone bosons to cancel the UV divergences.
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However, this mechanism is only relevant when the dimension-5 operator given by Eq. 3.1.1 that leads to the
tree-level neutrino mass through the seesaw mechanism is forbidden due to some symmetry. This happens in
the minimal radiative inverse seesaw model [91]. In the usual inverse seesaw model [231], one adds two sets
of SM-singlet fermions, N and S, with opposite lepton numbers. The presence of a Majorana mass term for
the S-field, i.e., µSSS leads to a tree-level neutrino mass via the standard inverse seesaw mechanism [231].
However, if one imposes a global U(1) symmetry under which the S-field is charged, then the µSSS term can
be explicitly forbidden at tree-level.1 In this case, the only lepton number breaking term that is allowed is the
Majorana mass term for the N -field, i.e., µRNN . It can be shown that this term by itself does not give rise to
neutrino mass at tree-level, but a non-zero neutrino mass is inevitably induced at one-loop through the diagram
shown in Fig. 3.37 involving the SM Higgs doublet (which gives rise to two diagrams involving the SM Higgs
and Z-boson after electroweak symmetry breaking [91]). One can see that the low-energy effective operator
that leads to neutrino mass in this model is the d = 7 operator O′1 of Eq. (??) by cutting Fig. 3.37 at one of
the H-legs in the loop.
The relevant part of the Yukawa Lagrangian of this model is given by
−LY ⊃ YαβLαHNβ + Sρα(MN )ραNα + 1
2
NTα C(µR)αβNβ + H.c. (3.7.175)
After electroweak symmetry breaking, evaluating the self-energy diagrams that involve the Z-boson and Higgs
boson (cf. Fig. 3.37), the neutrino mass reads as (in the limit µR MN ) [91,232]:
Mν ' αw
16pim2W
(MDµRM
T
D)
[
xh
xN − xH log
(
xN
xH
)
+
3xZ
xN − xZ log
(
xN
xZ
)]
, (3.7.176)
where MD ≡ Y v/
√
2, αw ≡ g2/4pi, xN = m2N/m2W , xH = m2H/m2W and xZ = m2Z/m2W , and we have assumed
MN = mN1 for simplicity.
The NSI in this model arise due to the fact that the light SU(2)L-doublet neutrinos ν mix with the singlet
fermions N and S, due to which the 3 × 3 lepton mixing matrix is no longer unitary. The neutrino-nucleon
and neutrino-electron interactions proceed as in the SM via t-channel exchange of W and Z bosons, but now
with modified strength because of the non-unitarity effect, that leads to NSI [536]. If only one extra Dirac
state mixes with the three light states with mixing parameters Uα4 (with α = e, µ, τ), we can write the NSI
1This can be done, for instance, by adding a singlet scalar field σ with a global U(1) charge of +2, and by making N and S
oppositely charged under this U(1), viz., N(−1) and S(+1), so that the SσS term is forbidden, but NσN and SσN are allowed.
Furthermore, this global U(1) symmetry can be gauged, e.g., in an E6 GUT embedding, where the fundamental representation 27
breaks into 161 + 10−2 + 14 under SO(10)× U(1). The ν and N belong to the 161 subgroup, while the S belongs to 14. Adding
two scalars σ, σ′ with U(1) charges −2 and −5 respectively allows the Dirac mass term NσS and Majorana mass term Nσ′N in
Eq. 3.7.175, but not the Majorana mass terms Sσ(
′)S.
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parameters as
εee =
(
Yn
2
− 1
)
|Ue4|2, εµµ = Yn
2
|Uµ4|2, εττ = Yn
2
|Uτ4|2,
εeµ =
1
2
(Yn − 1)Ue4U?µ4, εeτ =
1
2
(Yn − 1)Ue4U?τ4, εµτ =
Yn
2
Uµ4U
?
τ4 , (3.7.177)
where Yn = Nn/Ne is the ratio of the average number density of neutrons and electrons in matter. Note that for
Yn → 1 which is approximately true for neutrino propagation in earth matter, we get vanishing εeµ and εeτ up to
second order in Uα4.1 Taking into account all the experimental constraints on Uα4U?β4 from neutrino oscillation
data in the averaged-out regimes, beta decay, rare meson decay, beam dump experiments, cLFV searches,
collider constraints from LEP and LHC, as well as electroweak precision constraints [237,477,479,534,536,575],
the maximum NSI parameters allowed in this model are summarized in Table 3.20. We find that
|εmaxee | = 0.024 , εmaxµµ = 0.022 , εmaxττ = 0.10 ,
εmaxeµ = 0.001 , ε
max
eτ = 0.003 , ε
max
µτ = 0.012 . (3.7.178)
For εeµ and εeτ , we have used Yn = 1.051 (for average value all over the earth) in Eq. 3.7.177, in addition to
the cLFV constraints on Ue4U?µ4 and Ue4U?τ4. The maximum NSI values listed above (and also summarized in
Table 3.20) are obtained for a relatively light (∼MeV-scale) sterile neutrino, where the experimental constraints
are weaker than at higher masses.
The NSI expressions 3.7.177 also apply to two-loop radiative models with two W -boson exchange [239–241].
However, the maximum NSI obtainable in these models will be much smaller than the estimate in Eq. 3.7.178
because the sterile neutrino in this case is required to be heavier for successful neutrino mass generation at
two-loop.
B One-loop model with vectorlike leptons
This model [79] utilizes the same d = 7 operator O2 = LiLjLkecH lijkl (cf. Eq. 3.2.7b), as in the Zee model
to generate a one-loop neutrino mass. The new particles added are a scalar singlet η+(1,1, 1) and a vectorlike
lepton ψ
(
1,2,− 32
)
= (E, F−−), which give rise to the O12 operator L(LL)(ecH) (cf.Table 3.2). Neutrino mass
is generated via the one-loop diagram shown in Fig. 3.38. The relevant Lagrangian for the neutrino mass
generation reads:
−L ⊃ fαβLαLβη+ + y′αβLαψcβη− + yαβ`cαψβH +m ψc + H.c. (3.7.179)
1This result is in disagreement with Ref. [536], where they have εαβ = 12Uα4U
?
β4 for all the off-diagonal NSI parameters, which
cannot be the case, because for α = e, both CC and NC contributions are present, whereas for α 6= e, only the NC contribution
matters.
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Figure 3.38: Neutrino mass generation in the one-loop model with vectorlike leptons. This is the O12 model
of Table 3.2 [79].
where ψc = (F++, −Ec) and H (1,2, 12) is the SM Higgs doublet. Expanding the first two terms, we get
−L ⊃ fαβ(να`βη+ − `ανβη+)− y′αβ(ναE+β η− + `αE++β η−) + H.c. (3.7.180)
The neutrino mass matrix can be estimated as
Mν ∼ 1
16pi2
v
M2
(
f M` yME y
′T + y′MEyTM`fT
)
, (3.7.181)
where M` is the diagonal mass matrix for the SM charged leptons, ME is the diagonal mass matrix for the
vector-like leptons with eigenvaluesmEi , andM ≡ max(mη,mEi). Note that just one flavor of ψ is not sufficient,
because in this case, the neutrino mass matrix 3.7.181 would have a flavor structure given by (fM` −M`f),
which has all the diagonal entries zero, similar to the Zee-Wolfenstein model [124]. Such a structure is ruled
out by observed neutrino oscillation data. Thus, we require at least two flavors of ψ, in which case the diagonal
entries of Mν are nonzero, and the model is consistent with experiments.
NSI in this model are induced by the f -type couplings in Eq. 3.7.180, similar to the f -couplings in the Zee
model Lagrangian 3.4.15. The NSI parameters read as
εαβ ≡ εeeαβ =
1√
2GF
f?eαfeβ
m2η+
. (3.7.182)
Due to the antisymmetric nature of the f couplings, the only relevent NSI parameters in this case are εµτ , εµµ,
and εττ . These are severely constrained by cLFV searches and universality of charged currents [242], as shown
in Table 3.19. This is similar to the case of Zee-Babu model discussed later in Sec. A. Since the singly-charged
scalar mass has to be above ∼ 100 GeV to satisfy the LEP constraints (cf. Sec. 3.4.7), we obtain from Eq. 3.7.182
and Table 3.19 the following maximum values:
εmaxee = 0 , ε
max
µµ = 9.1× 10−4 , εmaxττ = 3.0× 10−3 ,
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Observable Exp. limit Constraint
µ→ eγ BR < 4.2× 10−13 [554] |f?eτfµτ | < 1.09× 10−3
(mh+
TeV
)2
τ → eγ BR < 3.3× 10−8 [555] |f?eµfµτ | < 0.71
(mh+
TeV
)2
τ → µγ BR < 4.4× 10−8 [555] |f?eµfeτ | < 0.82
(mh+
TeV
)2
lep./had. univ.
∑
q=d,s,b
|V expuq |2 = 0.9992± 0.0011 [287] |feµ|2 < 0.015
(mh+
TeV
)2
µ/e univ. gexpµ /gexpe = 1.0001± 0.0020 [287]
∣∣|fµτ |2 − |feτ |2∣∣ < 0.05 (mh+TeV )2
τ/µ univ. gexpτ /gexpµ = 1.0004± 0.0022 [287]
∣∣|feτ |2 − |feµ|2∣∣ < 0.06 (mh+TeV )2
τ/e univ. gexpτ /gexpe = 1.0004± 0.0023 [287]
∣∣|fµτ |2 − |feµ|2∣∣ < 0.06 (mh+TeV )2
Table 3.19: Constraints on the singly-charged scalar Yukawa couplings [242]. Here gexpα stands for the effective
gauge coupling extracted from muon and tau decays in the different leptonic channels.
εmaxeµ = 0 , ε
max
eτ = 0 , ε
max
µτ = 3.0× 10−3 . (3.7.183)
This is also summarized in Table 3.20.
C SU(2)L-singlet leptoquark model with vectorlike quark
να dγ d
c
γ D Dc νβ
χ−1/3
⟨H0⟩
Figure 3.39: Neutrino mass generation in the one-loop singlet leptoquark model with vectorlike quarks. This
is the O43 model of Table 3.3 [79].
This model [79] is the O43 realization of the dimension-7 operator O3 (cf. Table 3.3). The new particles
introduced are a scalar LQ singlet χ
(
3,1,− 13
)
and a vectorlike quark doublet Q (3,2,− 56) = (D−1/3, X−4/3).
Neutrino mass is generated at one-loop level as shown in Fig. 3.39. The QQχ? and dcucχ interaction terms,
allowed by gauge invariance, are forbidden by demanding baryon-number conservation in order to avoid rapid
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proton decay. The relevant Lagrangian for the neutrino mass generation reads as
−LY ⊃ λαβLαQβχ? + λ′αLαQcχ+ fαdcαQH + f ′αβ`cαucβχ+ H.c. (3.7.184)
Expanding the first two terms, we get
−LY ⊃ λαβ(ναdβχ? − `αuβχ?)− λ′α(ναDcχ+ `αXcχ) . (3.7.185)
The neutrino mass matrix can be estimated as
Mν ∼ 1
16pi2
v
M2
(
λMdfMDλ
′T + λ′MDfTMdλT
)
, (3.7.186)
where Md is the diagonal down-type quark mass matrix, MD is the mass matrix for the down-type VQ with
eigenvalues mDi , and M ≡ max(mχ,mDi). With a single copy of VQ quarks, the rank of Mν is two, implying
that the lightest neutrino has zero mass at the one-loop order. This model can lead to consistent neutrino
oscillation phenomenology.
NSI in this model are induced by the λ-type interactions in Eq. 3.7.185:
εαβ =
3
4
√
2GF
λ?αdλβd
m2χ
. (3.7.187)
This is exactly same as the singlet LQ contribution in Eq. 3.5.156 and the corresponding maximum NSI can be
read off from Table 3.17:
εmaxee = 0.0069 , ε
max
µµ = 0.0086 , ε
max
ττ = 0.343 ,
εmaxeµ = 1.5× 10−7 , εmaxeτ = 0.0036 , εmaxµτ = 0.0043 . (3.7.188)
This is also summarized in Table 3.20.
D SU(2)L-doublet leptoquark model with vectorlike quark
This is referred to as O63 in Table 3.3. The model has an SU(2)L-doublet LQ Ω
(
3,2, 16
)
=
(
ω2/3, ω−1/3
)
and
an SU(2)L-triplet vectorlike quark Σ
(
3,3, 23
)
=
(
Y 5/3, U2/3, D−1/3
)
. Neutrino mass is generated at one-loop
level via the Feynman diagram shown in Fig. 3.40. The relevant Lagrangian for the neutrino mass generation
can be written as
−LY ⊃ MΣΣΣc +
(
λαβLαd
c
βΩ + λ
′
αQαΣ
cH + λ′′αLαΣΩ˜ + H.c.
)
, (3.7.189)
where Ω˜ = iτ2Ω? is the isospin conjugate field. Expanding the terms in Eq. 3.7.189, we obtain
−LY ⊃ MΣ (Y Y c +DDc + UU c) +
[
λαβ
(
ναω
−1/3 − `αω2/3
)
dcβ
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Figure 3.40: Neutrino mass generation in the one-loop doublet leptoquark model with vectorlike quarks. This
is the model O63 of Table 3.3 [79].
+λ′α
{
uαY
cH+ +
1√
2
(
uαH
0 + dαH
+
)
U c + dαD
cH0
}
+λ′′α
{
ναDω
?1/3 − 1√
2
(
−ναω?−2/3 + `αω?1/3
)
U − `αY ω?−2/3
}
+ H.c.
]
. (3.7.190)
The neutrino mass can be estimated as
Mν ∼ 1
16pi2
v
M2
(
λMdλ
′MDλ′′T + λ′′MDλ′TMdλT
)
, (3.7.191)
where Md and MD are the diagonal down quark mass matrix and vectorlike quark mass matrix respectively,
and M ≡ max(mω,mDi), with mDi being the eigenvalues of MD. As in previous models with one copy of
vectorlike fermion, the rank of Mν is two in this model, implying that the lightest neutrino is massless at the
one-loop level.
NSI in this model are induced by the doublet LQ component ω−1/3. The NSI parameters read as
εαβ =
3
4
√
2GF
λ?αdλβd
m2ω
. (3.7.192)
This expression is exactly the same as the doublet LQ contribution in Eq. 3.5.156 and the corresponding
maximum NSI can be read off from Table 3.17:
εmaxee = 0.004 , ε
max
µµ = 0.216 , ε
max
ττ = 0.343 ,
εmaxeµ = 1.5× 10−7 , εmaxeτ = 0.0036 , εmaxµτ = 0.0043 . (3.7.193)
This is also summarized in Table 3.20.
E Model with SU(2)L-triplet leptoquark and vectorlike quark
This is based on the operator O53 (see Table 3.3) which is realized by adding an SU(2)L-triplet ρ¯
(
3¯,3, 13
)
=(
ρ¯4/3, ρ¯1/3, ρ¯−2/3
)
and a vectorlike quark doublet Q (3,2,− 56) = (D−1/3, X−4/3). Neutrino mass is generated
at one-loop level, as shown as Fig. 3.41. There is also a two-loop diagram involving ρ2/3, which is not considered
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c
γ D Dc νβ
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Figure 3.41: Neutrino mass generation in the one-loop triplet leptoquark model with vectorlike quarks. This
model corresponds to O53 of Table 3.3 [79].
here, as that would be sub-dominant to the one-loop diagram. The interaction term QQρ is forbidden by
demanding baryon-number conservation to avoid proton decay. The relevant Lagrangian for the neutrino mass
generation can be written as
−LY ⊃ MQQQc + (λαβLαQβ ρ¯+ λ′αLαQcρ+ yαdcαQH + H.c.) , (3.7.194)
where ρ¯ is related to ρ by charge conjugation as ρ
(
3,3,− 13
)
=
(
ρ2/3, −ρ−1/3, ρ−4/3). Expanding the terms in
Eq. 3.7.194, we get
−LY ⊃ MQ (DDc +XXc) +
[
λαβ
{
ναuβ ρ¯
−2/3 − 1√
2
(ναdβ + `αuβ) ρ¯
1/3 + `αdβ ρ¯
4/3
}
+λ′α
{
ναX
cρ−4/3 +
1√
2
(`αX
c − ναDc) ρ−1/3 − `αDcρ2/3
}
+yα
(
DH0 −H+X) dcα + H.c.] . (3.7.195)
The neutrino mass can be estimated as
Mν ∼ 1
16pi2
v
M2
(
λMd yMD λ
′T + λ′MD yTMd λT
)
, (3.7.196)
where Md and MD are the diagonal mass matrices for down-type quark and vectorlike quark fields, and M =
max(mDi ,mρ), with mDi being the eigenvalues of MD. With a single copy of the vectorlike quark, the matrices
y and λ′ are 3 × 1 dimensional. Consequently the rank of Mν is two, which would imply that the lightest
neutrino mass m1 = 0 at the one-loop level. Realistic neutrino mixing can however be generated, analogous to
the model of Ref. [63, 64].
NSI in this model are induced by both ρ¯−2/3 and ρ¯1/3 fields, which couple to up and down quarks respectively
(cf. Eq. 3.7.195). The NSI parameters read as
εαβ =
3
4
√
2GF
(
λ?αuλβu
m2
ρ−2/3
+
λ?αdλβd
2m2
ρ1/3
)
. (3.7.197)
This is same as the triplet contribution in Eq. 3.6.162 and the maximum allowed values are given in Eq. 3.6.173.
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⟨H0⟩
ρ¯(−2/3)δ2/3
να u
c
γ
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ξ2/3
Figure 3.42: Feynman diagram for neutrino mass generation in the extended one-loop LQ model with up-type
quark chiral suppression in the loop. The ∆L = 2 effective operator is O˜1 of Eq. ??.
F A new extended one-loop leptoquark model
Here we present a variation of the one-loop LQ model of Sec. 3.5 wherein the neutrino mass is generated with
up-quark chiral suppression (see Fig. 3.42), rather than down-quark mass suppression (as in Fig. 3.22). The
effective operator of the model is of dimension nine, given by
O˜1 = (LQ)(Luc)(HH)H , (3.7.198)
which may appear to be a product of O1 of Eq. (3.1.1) and the SM operator (QucH); but the SU(2)L
contractions mix the two sub-operators. To realize this operator at the one-loop level, three SU(3)c-triplet LQ
fields are introduced: δ
(
3,2, 76
)
=
(
δ5/3, δ2/3
)
, ρ¯
(
3¯,3, 13
)
=
(
ρ¯4/3, ρ¯1/3, ρ¯−2/3
)
, ξ
(
3,1, 23
)
. Since three new
fields are introduced, this model may be viewed as non-minimal, and does not fit into the classification of The
corresponding Lagrangian for the neutrino mass generation reads as
−LY ⊃ λαβLαucβδ + λ′αβLαQβ ρ¯+ H.c. = λαβ
(
ναu
c
βδ
2/3 − `αucβδ5/3
)
+ λ′αβ
[
`αdβ ρ¯
4/3 − 1√
2
(ναdβ + `αuβ) ρ¯
1/3 + ναuβ ρ¯
−2/3
]
+ H.c. (3.7.199)
Neutrino mass is generated by the diagram shown in Fig. 3.42 using the Lagrangian 3.7.199, together with the
potential terms
V ⊃ λ1ρ¯H˜H˜ξ + µH˜δξ? + H.c. = λ1ξ2/3
(
ρ¯4/3H−H− +
√
2ρ¯1/3H0H− + ρ¯−2/3H0H0
)
+ µξ?−2/3
(
H0δ2/3 +H−δ5/3
)
+ H.c. (3.7.200)
where H˜ = (H0, −H−) represents the SM Higgs doublet. The neutrino mass matrix can be estimated as
Mν ∼ 1
16pi2
µλ1v
3
m21m
2
2
(λMuλ
′T + λ′MuλT ) , (3.7.201)
where m1 and m2 are the masses of the heaviest two LQs among the δ, ρ¯ and ξ fields, and Mu is the diagonal
mass matrix in the up-quark sector. To get small neutrino masses, we need the product λλ′  1. We may take
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λ ∼ O(1) and λ′  λ which is preferable to the other case of λ λ′, since the λ′ couplings are constrained by
D-meson decays (see Sec. F).
After integrating out the heavy LQ fields, Eq. 3.7.199 leads to an effective NSI Lagrangian with up-quarks
in the neutrino propagation through matter. The NSI parameters read as
εαβ =
3
4
√
2GF
(
λ?αuλβu
m2δ
+
λ′?αuλ
′
βu
m2
ρ−2/3
+
λ′?αdλ
′
βd
2m2
ρ1/3
)
. (3.7.202)
For λ  λ′, this expression is exactly the same as the doublet LQ contribution derived in Eq. 3.5.156 and
the corresponding maximum NSI can be read off from Table 3.17 for the doublet component. For λ′  λ,
Eq. 3.7.202 is the same as Eq. 3.7.197. This latter choice maximizes NSI in this model and is summarized in
Table 3.20.
There are other variations of one-loop LQ models with more exotic particles [77, 78], where the neutrino
mass is proportional to up-type quark mass. The NSI predictions in these models are the same as in Eq. 3.7.202.
3.7.2 Two-loop models
A Zee-Babu model
This model realizes the operator O9 of Eq. (3.1.4). In this model [63, 64], two SU(2)L-singlet Higgs fields,
h+(1,1, 1) and k++(1,1, 2), are introduced. The corresponding Lagrangian for the generation of neutrino mass
reads:
−LY ⊃ fαβLiαCLjβh+ij + hαβ`T αC`βk++ + H.c.
= fαβ(ν
T
αC`β − νTβ C`α)h+ + hαβ`TαC`βk++ + H.c. (3.7.203)
Majorana neutrino masses are induced at two-loop as shown in Fig. 3.43 by the Lagrangian 3.7.203, together
with the potential term
V ⊃ −µh−h−k++ + H.c. . (3.7.204)
The neutrino mass matrix reads:
Mν ' 1
(16pi2)2
8µ
M2
fMuh
†MufTI , (3.7.205)
where M = max(mk++ ,mh+) and I is a dimensionless function that depends on the ratio of the masses of
the two new scalars [137, 242–244]. The singly charged scalar h+ induces NSI at tree-level through the f -type
Yukawa coupling in Eq. 3.7.203. After integrating out the heavy scalars, NSI induced in neutrino propagation
through normal matter can be written as
εαβ ≡ εeeαβ =
1√
2GF
f?eαfeβ
m2h+
. (3.7.206)
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Figure 3.43: Neutrino mass generation at two-loop in the Zee-Babu model [63, 64]. This model generates
operator O9 of Eq. 3.1.4.
This is exactly the same as Eq. 3.7.182 for which the maximum NSI are given by Eq. 3.7.183. These are
severely constrained by cLFV searches and universality of charged currents [242] (cf. Table 3.19), restricting the
maximum NSI to O(10−3) level [245]. These numbers are summarized in Table 3.20.
B Leptoquark/diquark variant of the Zee-Babu model
One can also generate neutrino mass at two-loop by replacing leptons with quarks in the Zee-Babu model as
shown in Fig. 3.44. In addition to the SM fields, this model [80] employs a scalar LQ χ
(
3,1,− 13
)
and a scalar
diquark ∆
(
6,1,− 23
)
. The χ (∆) field plays the role of singly (doubly)-charged scalar in the Zee-Babu model.
The relevant Yukawa Lagrangian for the neutrino mass generation is written as
−LY ⊃ λαβLiαQjβχ?ij + hαβdcαdcβ∆−2/3 + H.c.
= λαβ (ναdβ − `αuβ)χ? + hαβdcαdcβ∆−2/3 + H.c. (3.7.207)
Neutrino mass is generated at two-loop via the Lagrangian 3.7.207 in combination with the potential term
V ⊃ −µχ?χ?∆−2/3 + H.c. (3.7.208)
The neutrino mass matrix can be calculated as
να dγ d
c
γ dcδ dδ
νβ
χ−1/3 χ−1/3
∆
Figure 3.44: Neutrino mass generation at two-loop in the LQ/DQ variant of the Zee-Babu model which
generates operator O9 [80], cf. Eq. 3.1.4.
Mν ∼ 24µ
(16pi2)2M2
λMdh
†MdλTI , (3.7.209)
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where M ≡ max(mχ,m∆), Md is the diagonal down-type quark mass matrix, and I is a dimensionless two-loop
integral defined in terms of the ratio of m2∆ and m
2
χ [137]. After integrating out the heavy scalars, the NSI
parameters in this model are given by
εαβ =
3
4
√
2GF
λ?αdλβd
m2χ
. (3.7.210)
This is exactly same as the singlet LQ contribution in Eq. 3.5.156 and the corresponding maximum NSI can be
read off from Table 3.17:
εmaxee = 0.0069 , ε
max
µµ = 0.0086 , ε
max
ττ = 0.343 ,
εmaxeµ = 1.5× 10−7 , εmaxeτ = 0.0036 , εmaxµτ = 0.0043 . (3.7.211)
This is also summarized in Table 3.20.
There are a few variants of this leptoquark/diquark version of the Zee-Babu model. First, one could replace
the color sextet field ∆
(
6,1,− 23
)
by a color triplet scalar ∆
(
3,1,− 23
)
in Fig. 3.44. The cubic term χ?χ?∆ will
not be allowed by Bose symmetry in this case. By assuming two copies of the χ field, namely, χ1 and χ2, one
could restore this coupling from χ?1χ?2∆, in which case the diagram of Fig. 3.44 can be connected [89]. The NSI
in such a model is identical to the model described in this section. Second, one could replace the internal down
quarks of Fig. 3.44 by up-type quarks, with a simultaneous replacement of χ
(
3,1,− 13
)
by ρ
(
3,3,− 13
)
and
∆
(
6,1,− 23
)
by ∆
(
6,1, 43
)
. Neutrino NSI will then follow the ρ NSI predictions as in Sec. E. In this up-quark
variant, one could replace the diquark ∆
(
6,1, 43
)
by a color triplet field ∆
(
3,1, 43
)
as well [89].
C Model with SU(2)L-doublet and singlet leptoquarks
Operator O3a of Eq. (3.2.7c) does not induce neutrino mass via one-loop diagrams owing to the SU(2)L index
structure. This operator will, however, lead to generation of neutrino masses at the two-loop level. A simple
realization of O3a is given in Ref. [81]. This model uses the same gauge symmetry and particle content as in
the LQ variant of the Zee model (cf. Sec. 3.5), i.e., Ω
(
3,2, 16
)
=
(
ω2/3, ω−1/3
)
and χ
(
3,1,− 13
)
, with χ coupling
modified as follows:
−LY ⊃ λαβLiαdcβΩjij + fαβ`cαucβχ+ H.c. ,
= λαβ
(
ναd
c
βω
−1/3 − `αdcβω2/3
)
+ fαβ`
c
αu
c
βχ+ H.c. (3.7.212)
Note that these Yukawa couplings conserve both baryon and lepton number as can be seen by assigning (B,L)
charges of
(
1
3 ,−1
)
to Ω and
(
1
3 , 1
)
to χ. The couplings λ˜αβucαdcβχ
?, allowed by the gauge symmetry are forbidden
by B, and the couplings λ′αβLαQβχ
? (as in Eq. 3.5.109), allowed by gauge symmetry as well as B are forbidden
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by L.1 The L symmetry is softly broken by the cubic term in the scalar potential 3.5.110.
X−1/3a
να d
c
γ
dγ
uδ
ucδ
ℓcβ
ℓβ
νβ
W−
να d
c
γ u
c
δ ℓ
c
β νβ
H−
X−1/3a
Figure 3.45: Two-loop diagrams contributing to neutrino mass generation in the model of Ref. [81]. The
model realizes operator O3a of Eq. (3.2.7c), see Table 3.3.
The simultaneous presence of Eqs. 3.7.212 and 3.5.110 would lead to neutrino mass generation at two-loop
level as shown in Fig. 3.45. Here Xa (with a = 1, 2) are the mass eigenstates obtained from the mixture of the
ω−1/3 and χ−1/3 states (cf. Eq. 3.5.112). Evaluation of the LQ-W exchange diagrams in Fig. 3.45 (a) give the
neutrino mass matrix as
Mν ∼ 3g
2 sin 2α
(16pi2)2M2
[
λMdV
TMuf
†M` +M`f?MuVMdλT
] I , (3.7.213)
where 3 is a color factor, α is the ω−χ mixing angle (cf. Eq. 3.5.113), Mu,d,` are diagonal mass matrices for the
up- and down-type quarks, and charged leptons, respectively, V is the CKM mixing matrix, M ≡ min(m1,m2)
(with m1,2 given by Eq. 3.5.114), and I is a dimensionless two-loop integral that depends on m1,2, mW and
Mu,d,` [81].
NSI induced in this LQ model has the same features as the LQ variant of the Zee model discussed in
Sec. 3.5.4. Note that the fαβ-couplings in Eq. 3.7.212 do not lead to neutrino NSI. The expression for the NSI
parameters is given by
εαβ =
3
4
√
2GF
λ?αdλβd
m2ω
. (3.7.214)
The maximum allowed values of these NSI parameters are given in Table 3.17 (doublet case) and also summarized
in Table 3.20.
D Leptoquark model with SU(2)L-singlet vectorlike quark
This model utilizes the dimension-7 operator LiLjijQkH lkldc to generate two-loop neutrino mass [82]. This
specific realization corresponds to the model O33 of Table 3.3 [79]. In addition to the SM fields, an SU(2)L-
1The simultaneous presence of the f and λ′ couplings will drastically alter the successful V −A structure of the SM [246], and
therefore, the λ′ terms must be forbidden in this model by L symmetry.
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Figure 3.46: Two-loop neutrino mass generation in the model of Ref. [82] with a LQ and a vector-like quark.
This model corresponds to O33 of Table 3.3.
singlet vector-like quarks U
(
3,1, 23
)
and U c
(
3?,1,− 23
)
, and a scalar doublet LQ Ω
(
3,2, 16
)
=
(
ω2/3, ω−1/3
)
are added to the SM spectrum. Addition of these fields leads to the following new Yukawa Lagrangian:
−LY ⊃ λαβLαΩdcβ + λ′αLαΩ˜U + fαQαHU c + H.c. ,
= λαβ(ναd
c
βω
−1/3 − `αdcβω2/3) + λ′α
[(
ω−1/3
)?
`αU + να
(
ω2/3
)?
U
]
(3.7.215)
+ fα(uαH
0U c − dαH+U c) + H.c. ,
where Ω˜ ≡ iτ2Ω?. The presence of all three Yukawa terms implies that lepton number is not conserved. Together
with the quartic coupling term in the potential
V ⊃ λω|ΩiHjij |2 ⊃ −λωω−1/3ω−2/3H+H0 + H.c. , (3.7.216)
the Lagrangian 3.7.216 leads to neutrino mass generation at two-loop as shown in Fig. 3.46. This can be
estimated as
Mν ' λω
(16pi2)2
v
M2
(λMdfMUλ
′T + λ′MTU f
TMTd λ
T ) , (3.7.217)
whereMd andMU are the diagonal down quark and vectorlike quark mass matrices respectively, andM =max(mω,mUi),
with mUi being the eigenvalues of MU .
NSI in this model are induced by the ω−1/3 LQ and are given by
εαβ =
3
4
√
2GF
λ?αdλβd
m2ω
, (3.7.218)
same as the doublet LQ contribution in Eq. 3.5.156. The maximum NSI that can be obtained in this model are
given in Eq. 3.7.193 and are also summarized in Table 3.20.
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Figure 3.47: Two-loop neutrino mass generation in the Angelic model [83]. This model induces operator O11
of Ref. [74].
E Angelic model
This model induces operator O11 of Ref. [74]:
O11 = LiLjQkdcQldcikjl . (3.7.219)
In this model [83], one adds two scalar LQs χa
(
3,1,− 13
)
(with a = 1, 2) and a color-octet Majorana fermion
F (8,1, 0). The relevant Yukawa Lagrangian is written as
−LY ⊃ λαβaLαQβχa + λ′αadcαFχa + λ′′αβaecαuβχa + H.c. (3.7.220)
Expanding the first term, we get
−LY ⊃ λαβ1 (ναdβ − `αuβ)χ?1 + λαβ2 (ναdβ − `αuβ)χ?2 + H.c. (3.7.221)
Within this framework, neutrino mass is induced at two-loop level as shown in Fig. 3.47 which can be estimated
as
Mν ∼ 4mF
(16pi2)2M2
(λλ′V )(MdIMd)(λλ′V )T , (3.7.222)
where V is the CKM-matrix, Md is the diagonal down-quark mass matrix, M ≡ max(mF ,mχa), and I is a loop
function containing mχa ,mF and Md [83].
NSI in this model are induced by the singlet LQ χ and are given by
εαβ =
3
4
√
2GF
λ?αdaλβda
m2χa
, (3.7.223)
same as the singlet LQ contribution in Eq. 3.5.156. The maximum NSI in this model are the same as in
Eq. 3.7.211. This is tabulated in Table 3.20.
F Model with singlet scalar and vectorlike quark
This model realizes the O13 operator (cf. Table 3.3) by adding a singlet scalar η+(1,1, 1) and vectorlike quark
Q (3,2,− 56) = (D−1/3, X−4/3). Neutrino mass is generated at two-loop level as shown in the Fig. 3.48. The
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Figure 3.48: Two-loop neutrino mass generation with singlet scalar and vector-like quark, corresponding to
O13 or Table 3.3 [79].
relevant Lagrangian for the neutrino mass generation can be read as:
−LY ⊃ fαβLαLβη+ + f ′αQcQαη− + YαQdcαH + H.c.
= fαβ(να`βη
+ − `ανβη+)− f ′α(Xcdαη− +Dcuαη−)
+Yα(Dd
c
αH
0 −XdcαH+) + H.c. (3.7.224)
The neutrino mass can be estimated as
Mν ∼ g
2m2` sinϕ
(16pi2)2m2η
(
f + fT
)
, (3.7.225)
where sinϕ represents the mixing between W+ and η+. The role of the vectorlike quarks in this model is to
achieve such a mixing, which requires lepton number violation. Note that only the longitudinal component of
W mixes with η+, which brings in two powers of lepton mass suppression in the neutrino mass estimate – one
from the Yukawa coupling of the longitudinal W and the other from a required charality flip inside the loop.
It is to be noted that Eq. 3.7.225 does not fit the neutrino oscillation data as it has all diagonal entries zero,
owing to the anti-symmetric nature of the f -couplings.
Other operators which lead to similar inconsistency with the neutrino oscillation data are O23, O14 and O24
(cf. Tables 3.3 and 3.4). Therefore, we do not discuss the NSI prospects in these models.
G Leptoquark model with vectorlike lepton
This model is a realization of O28 in Table 3.5. This is achieved by adding an SU(2)L-doublet leptoquark
Ω
(
3,2, 16
)
and a vectorlike lepton
(
1,2,− 12
)
= (N, E). The Lagrangian responsible for neutrino mass gener-
ation can be written as
−LY ⊃ m c + (λαβLαΩdcβ + λ′αψcucαΩ + λ′′αψ`cαH˜ + H.c.)
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Figure 3.49: Two-loop neutrino mass generation with SU(2)L-doublet leptoquark and vector-like lepton,
corresponding to O28 of Table 3.5 [79].
= mψ(NN
c + EEc) +
[
λαβ(ναd
c
βω
−1/3 − `αdcβω2/3) + λ′α(Ecω−1/3 +N cω2/3)ucα
+λ′′α(NH
− + EH
0
)`cα + H.c.)
]
. (3.7.226)
Neutrino masses are generated at two-loop level via diagrams shown in Fig. 3.49 and can be estimated as:
Mν ∼ g
2
(16pi2)2
v
m2ωm
2
E
(
λMdMuλ
′?MEλ′′†M` +M`λ′′?MEλ′†MuMdλT
)
, (3.7.227)
where Md, Mu, M` and ME are the diagonal mass matrices for down quark, up quark, charged leptons and
vectorlike leptons, respectively, and mE is the largest eigenvalue of ME . The NSI parameters can be written as
εαβ =
3
4
√
2GF
λ?αdλβd
m2ω
, (3.7.228)
This is exactly the same expression as the doublet contribution in Eq. 3.5.154, with the maximum values given
in Table 3.17.
H Leptoquark model with SU(2)L-doublet vectorlike quark
This model realizes the O38 operator (cf. Table 3.5) by adding an SU(2)L-doublet leptoquark Ω
(
3,2, 16
)
and
an SU(2)L-doublet vectorlike quark ξ
(
3,2, 76
)
=
(
V 5/3, U2/3
)
. The corresponding Lagrangian for the neutrino
mass generation is given by
−LY ⊃ mξξξc + (λαβLαΩdcβ + λ′αξucαH˜ + λ′′αξc`cαΩ + H.c.)
= mξ(V V
c + UU c) +
[
λαβ(ναω
−1/3 − `αω2/3)dcβ − λ′α(V H− + UH¯0)ucα
+λ′′α(U
cω−1/3 + V cω2/3)`cα + H.c.
]
. (3.7.229)
Neutrino mass is generated at two-loop level as shown in Fig. 3.50 and can be estimated as
Mν ∼ g
2
(16pi2)2
v
m2ωm
2
U
(
λMdMuλ
′?MUλ′′†M` +M`λ′′?MUM
′†
λMuMdλ
T
)
. (3.7.230)
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Figure 3.50: Two-loop neutrino mass generation with SU(2)L-doublet leptoquark and SU(2)L-doublet vec-
torlike quark corresponding to O38 or Table 3.5 [79].
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Figure 3.51: New two-loop scalar LQ model with up-quark loops. The operator induced in the model is Od=13
in Eq. 3.7.232.
where Md, Mu, M` and MU are the diagonal mass matrices for down quark, up quark, charged leptons and
vectorlike quarks, respectively, and mU is the largest eigenvalue of MU . The NSI parameters can be written as
εαβ =
3
4
√
2GF
λ?αdλβd
m2ω
. (3.7.231)
This is exactly the same expression as the doublet contribution in Eq. 3.5.154, with the maximum values given
in Table 3.17.
I A new two-loop leptoquark model
Here we propose a new two-loop LQ model for neutrino mass, where one can get NSI with up-quark. The
effective ∆L = 2 operator is d = 13, and is given by
Od=13 = QLucQLucHHHH . (3.7.232)
This model utilizes two scalar LQs – δ
(
3,2, 76
)
=
(
δ5/3, δ2/3
)
and Ω
(
3,2, 16
)
=
(
ω2/3, ω−1/3
)
, and a scalar
diquark ∆ˆ
(
6?,3,− 13
)
=
(
∆ˆ−4/3, ∆ˆ−1/3, ∆ˆ2/3
)
. The relevant Yukawa Lagrangian for the neutrino mass gener-
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ation reads as
−LY ⊃ fαβLαδucβ + hαβQα∆ˆQβ + yαβQαHucβ + H.c.
= fαβ
(
ναu
c
βδ
2/3 − `αucβδ5/3
)
+ hαβ
(
uαuβ∆ˆ
−4/3 +
√
2uαdβ∆ˆ
−1/3 + dαdβ∆ˆ2/3
)
+ yαβ
(
uαH
0ucβ − dαH+ucβ
)
+ H.c. (3.7.233)
The relevant terms in the potential that leads to neutrino mass generation read as
V ⊃ µΩ2∆ˆ + λδ†ΩHH + H.c. (3.7.234)
The neutrino mass is induced at two-loop level as shown in Fig. 3.51 and can be estimated as
Mν ∼ 1
(16pi2)2
µv4λ2
m2δm
2
ωm
2
∆ˆ
fMuhMuf
T , (3.7.235)
where Mu is the diagonal up-type quark mass matrix. Note that Mν is a symmetric matirx, as it should be,
since h = hT .
After integrating out the heavy scalars, NSI induced in this model can be written as
εαβ =
3
4
√
2GF
f?αufβu
m2δ
. (3.7.236)
This is same as the extended one-loop LQ model prediction in Eq. 3.7.202 for λ  λ′. The maximum allowed
values can be read off from Table 3.17 for the doublet component. This is also summarized in Table 3.20.
3.7.3 Three-loop models
A KNT Model
The Krauss-Nasri-Trodden (KNT) model [84] generates the d = 9 operator O9 of Eq. (3.1.4). SM-singlet
fermions Nα(1,1, 0) and two SM-singlet scalars η+1 and η
+
2 with SM charges (1,1, 1) are introduced. The
relevant Yukawa Lagrangian is written as
−LY ⊃ fαβ LαLβη+1 + f ′αβ `cαNβη−2 +
1
2
(MN )αβNαNβ . (3.7.237)
Tree level mass is prevented by imposing a Z2 symmetry under which the fields η+2 and N are odd, while the
other fields are even. The Majorana mass term for N as shown in Eq. 3.7.237 explicitly breaks lepton number.
Neutrino masses are generated at three-loop as shown in Fig. 3.52 by the Lagrangian 3.7.237, together with the
quartic term in the potential
V ⊃ λs(η+1 η−2 )2 . (3.7.238)
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Figure 3.52: Three-loop neutrino mass generation in the KNT model [84]. The model induces operator O9 of
Eq. (3.1.4).
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Figure 3.53: Three-loop neutrino mass generation in the AKS model [86]. The model induces operator O′3 of
Eq. 3.7.241.
The estimated neutrino mass matrix reads as
Mν ' − λs
(16pi2)3
1
M2
fM`f
′†MNf ′?M`fTI , (3.7.239)
where M` is the diagonal charged lepton mass matrix, MN = diag(mNα) is the diagonal Majorana mass matrix
for Nα fermions, M ≡ max(mNα ,mη1 ,mη2), and I is a three-loop function obtained in general by numerical
integration [247].
NSI in the KNT model arise from singly-charged scalar η+1 that has the same structure as in the Zee-Babu
model (cf. Sec. A) and are given by
εαβ =
1√
2GF
f?eαfeβ
m2η1
. (3.7.240)
The maximum NSI one can get in this model are same as in Eq. 3.7.183 and also summarized in Table 3.20.
B AKS model
In the Aoki-Kanemura-Seto (AKS) model [86] an effective ∆L = 2 operator of dimension 11 is induced:
O′3 = LLHHececec ec . (3.7.241)
Note that there is a chiral suppression in this model unlike generic operators of type O′1 given in Eq. 3.1.5.
In addition to the SM fields, the following particles are added: an isospin doublet scalar Φ2
(
1,2, 12
)
, a singly-
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charged scalar singlet η+(1,1, 1), a real scalar singlet η0(1,1, 0), and two isospin-singlet right-handed neutrinos
Nα(1,1, 0) (with α = 1, 2). The relevant Yukawa Lagrangian for the neutrino mass generation reads as
−LY ⊃ yαβaΦ˜aLα`cβ + hαβ`cαNβη− +
1
2
(MN )αβNαNβ + H.c. , (3.7.242)
where Φ1
(
1,2, 12
)
is the SM Higgs doublet. Tree-level neutrino mass is forbidden by imposing a Z2 symmetry
under which η±, η0 and NαR are odd, while the remaining fields are even. Neutrino masses are generated at
three-loop, as shown in Fig. 3.53, by combining Eq. 3.7.242 with the quartic term in the potential
V ⊃ κab(Φca)†Φbη−η0 + H.c. (3.7.243)
In Fig. 3.53 H± are the physical charged scalars from a linear combination of Φ1 and Φ2. The neutrino mass
matrix reads as follows:
Mν ' 1
(16pi2)3
(−mNv2)
m2N −m2η0
4κ2 tan2 β(yh)(yh)TI , (3.7.244)
where tanβ ≡ 〈Φ02〉/〈Φ01〉 and I is a dimensionless three-loop integral function that depends on the masses
present inside the loop.
NSI in this model are induced by the charged scalar H−. After integrating out the heavy scalars, the NSI
expression can be written as
εαβ =
1
4
√
2GF
y?eαayeβa
m2H−
. (3.7.245)
This is similar to the heavy charged scalar contribution in Eq. 3.4.94. However, since the same Yukawa couplings
yeαa contribute to the electron mass in Eq. 3.7.242, we expect
εαβ ∝ y2e tan2 β ∼ O
(
10−10
)
, (3.7.246)
where ye is the electron Yukawa coupling in the SM. Thus, the maximum NSI in this model are of order of
O (10−10), as summarized in Table 3.20.
C Cocktail Model
This model [87] induces operator O9 of Eq. (3.1.4) at the three-loop level. The model includes two SU(2)L-
singlet scalars η+(1,1, 1) and k++(1,1, 2), and a second scalar doublet Φ2
(
1,2, 12
)
, in addition to the SM Higgs
doublet Φ1
(
1,2, 12
)
. The fields η+ and Φ2 are odd under a Z2 symmetry, while k++ and all SM fields are even.
With this particle content, the relevant term in the Lagrangian reads as
−LY ⊃ yαβΦ˜1Lα`cβ + Yαβ`cα`βk++ + H.c. , (3.7.247)
which breaks lepton number when combined with the following cubic and quartic terms in the potential:
V ⊃ λ
2
(Φ†1Φ2)
2 + κ1Φ
T
2 iτ2Φ1η
− + κ2k++η−η− + ξΦT2 iτ2Φ1η
+k−− + H.c. (3.7.248)
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Figure 3.54: Three-loop neutrino mass generation in the cocktail model [87]. The efective operator induced
is O9 of Eq. (3.1.4).
The Φ2 field is inert and does not get a VEV. After electroweak symmetry breaking, it can be written as
Φ2 =
 φ+2
H + iA
 . (3.7.249)
For κ1 6= 0, the singly-charged state φ+2 mixes with η+ (with mixing angle β), giving rise to two singly-charged
scalar mass eigenstates:
H+1 = cβφ
+
2 + sβη
+ ,
H+2 = −sβφ+2 + cβη+ , (3.7.250)
where sβ ≡ sinβ and cβ ≡ cosβ.
The neutrino mass matrix is obtained from the three-loop diagram as shown in Fig. 3.54 and reads as [87]
Mν ∼ g
2
(16pi2)3
M`(Y + Y
T )M` , (3.7.251)
where M` stands for the diagonal charged lepton mass matrix.
As for the NSI, since both Φ2 and η+ are odd under Z2 and the SM fields are even, there is no tree-level NSI
in this model. Note that neutrino mass generation utilizes the W boson couplings, thus the neutrino matter
effects in this model are the same as in the SM.
D Leptoquark variant of the KNT model
One can replace the charged leptons in the KNT model (cf. Sec. A) by quarks, and the charged scalars by
leptoquarks. The effective operator induced in this model remains as O9 or Eq. (3.1.4). To achieve this, two
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Figure 3.55: Three-loop neutrino mass generation in the LQ variant of the KNT model, which induces operator
O9 [85].
isospin-singlet scalar LQs χ−1/3a
(
3,1,− 13
)
(with a = 1, 2) and at least two SM-singlet right-handed neutrinos
Nα(1,1, 0) (with α = 1, 2) are supplemented to the SM fields. A Z2 symmetry is invoked under which χ
−1/3
2
and N are odd, while the rest of the fields are even. The relevant Yukawa Lagrangian is as follows:
−LY ⊃ λαβLiαQjβχ?1/31 ij + λ′αβdcαNβχ?1/32 +
1
2
(MN )αβNαNβ + H.c. (3.7.252)
Here the first term expands to give λαβ (ναdβ − `αuβ)χ?1/31 . These interactions, along with the quartic term in
the potential
V ⊃ λ0
(
χ
?1/3
1 χ
−1/3
2
)2
, (3.7.253)
generate neutrino masses at three-loop level, as shown in Fig. 3.55. The neutrino mass matrix reads as
Mν ∼ 15λ0
(16pi2)3m2χ1
λMdλ
′?MNλ
′†MdλT I , (3.7.254)
where the factor 15 comes from total color-degrees of freedom, Md and MN are the diagonal down-type quark
and right-handed neutrino mass matrices, respectively, and I is a dimensionless three-loop integral that depends
on the ratio of the masses of particles inside the loop [85].
NSI in this model arise from the χ−1/31 interactions with neutrinos and down-quarks. The expression for
NSI parameters is given by
εαβ =
3
4
√
2GF
λ?αdλβd
m2χ1
, (3.7.255)
which is the same as the singlet contribution in Eq. 3.5.156. The maximum NSI for this model are the same as
those given in Eq. 3.7.211 and are summarized in Table 3.20.
3.8 Type II radiative models
As discussed in the introduction (cf. Sec. 3.1.1), type-II radiative neutrino mass models in our nomenclature
contain no SM particle inside the loop diagrams generating mν , and therefore, do not generally contribute to
tree-level NSI, although small loop-level NSI effects are possible [248]. To illustrate this point, let us take the
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Figure 3.56: Neutrino mass generation at one-loop in the scotogenic model [272].
scotogenic model [272] as a prototypical example. The new particles introduced in this model are SM-singlet
fermions Nα(1,1, 0) (with α = 1, 2, 3) and an SU(2)L doublet scalar η
(
1,2, 12
)
: (η+, η0). A Z2 symmetry is
imposed under which the new fields Nα and η are odd, while all the SM fields are even. The new Yukawa
interactions in this model are given by
−LY ⊃ hαβ(ναη0 − `αη+)Nβ + 1
2
(MN )αβNαNβ + H.c. (3.8.256)
Together with the scalar quartic term
V ⊃ λ5
2
(Φ†η)2 + H.c. , (3.8.257)
where Φ is the SM Higgs doublet, the Lagrangian 3.8.256 gives rise to neutrino mass at one-loop, as shown
in Fig. 3.56. Since this diagram does not contain any SM fields inside the loop, it cannot be cut to generate
an effective higher-dimensional operator of the SM. Therefore, we label it as a type-II radiative model. The
neutrino mass in this model is given by
Mν =
λ5v
2
8pi2
hMNh
T
m20 −M2N
[
1− M
2
N
m20 −M2N
log
(
m20
M2N
)]
, (3.8.258)
where we have assumedMN to be diagonal, and m20 is the average squared mass of the real and imaginary parts
of η0. It is clear from Eq. 3.8.258 that the neutrino mass is not chirally suppressed by any SM particle mass.
A new example of type-II-like radiative model is shown in Fig. 3.57, where the new particles added are as
follows: one color-sextet diquark ∆
(
6,1, 43
)
, one SU(2)L doublet scalar LQ δ
(
3,2, 76
)
= (δ5/3, δ2/3), and an
SU(2)L singlet scalar LQ ξ
(
3,1, 23
)
. The relevant Yukawa Lagrangian is given by
−LY ⊃ fαβ(ναδ2/3 − `αδ5/3)ucβ + λαβucα∆ucβ + H.c. (3.8.259)
Together with the scalar potential terms
V ⊃ µδ†Φδ + µ′δ2∆ + H.c. , (3.8.260)
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Figure 3.57: A new example of type-II radiative neutrino mass model.
where Φ is the SM Higgs doublet, the Lagrangian 3.8.259 gives rise to neutrino mass at two-loop level, as shown
in Fig. 3.57. The neutrino mass can be approximated as follows:
Mν ∼ 1
(16pi2)2
µ2µ′v2
m21m
2
2
(fλfT ) , (3.8.261)
where m1 and m2 are the masses of the heaviest two LQs among the δ, ξ and ∆ fields that run in the loop.
Thus, although this model can be described as arising from an effective ∆L = 2 operator O′1 of Eq. 3.1.5,
the neutrino mass has no chiral suppression here. In this sense, this can be put in the type-II radiative model
category, although it leads to tree-level NSI induced by the δ LQs, as in the one-loop type-I model discussed in
Sec. F. A similar two-loop radiative model without the chiral suppression can be found in Ref. [249].
3.9 Conclusion
We have made a comprehensive analysis of neutrino non-standard interactions generated by new scalars in
radiative neutrino mass models. For this purpose, we have proposed a new nomenclature to classify radiative
neutrino mass models, viz., the class of models with at least one SM particle in the loop are dubbed as type-I
radiative models, whereas those models with no SM particles in the loop are called type-II radiative models.
From NSI perspective, the type-I radiative models are most interesting, as the neutrino couples to a SM fermion
(matter field) and a new scalar directly, thus generating NSI at tree-level, unlike type-II radiative models. After
taking into account various theoretical and experimental constraints, we have derived the maximum possible
NSI in all the type-I radiative models. Our results are summarized in Fig. 3.58 and Table 3.20.
We have specifically analyzed two popular type-I radiative models, namely, the Zee model and its variant
with LQs replacing the charged scalars, in great detail. In the Zee model with SU(2)L singlet and doublet
scalar fields, we find that large NSI can be obtained via the exchange of a light charged scalar, arising primarily
from the SU(2)L-singlet field but with some admixture of the doublet field. A light charged scalar with mass
as low as ∼100 GeV is found to be consistent with various experimental constraints, including charged lepton
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flavor violation (cf. Sec. 3.4.5), monophoton constraints from LEP (cf. Sec. 3.4.11), direct searches for charged
scalar pair and single production at LEP (cf. Sec. A) and LHC (cf. Sec. B), Higgs physics constraints from
LHC (cf. Sec. 3.4.10), and lepton universality in W± (cf. Sec. 3.4.8) and τ (cf. Sec. 3.4.9) decays. In addition,
for the Yukawa couplings and the mixing between singlet and doublet scalars, we have considered the contact
interaction limits from LEP (cf. Sec. 3.4.6), electroweak precision constraints from T -parameter (cf. Sec. 3.4.4),
charge breaking minima of the Higgs potential (cf. Sec. 3.4.3), as well as perturbative unitarity of Yukawa
and quartic couplings. After imposing all these constraints, we find diagonal values of the NSI parameters
(εee, εµµ, εττ ) can be as large as (8%, 3.8%, 43%), while the off-diagonal NSI parameters (εeµ, εeτ , εµτ ) can be
at most (10−3%, 0.56%, 0.34%), as summarized in Fig. 3.58 and Table 3.9. Most of these NSI values are still
allowed by the global fit constraints from neutrino oscillation and scattering experiments, and some of these
parameters can be probed at future long-baseline neutrino oscillation experiments, such as DUNE.
We have also analyzed in detail the LQ version of the Zee model, the results of which can be applied to
other LQ models with minimal modification. This analysis took into account the experimental constraints from
direct searches for LQ pair and single production at LHC (cf. Sec. 3.5.3), as well as the low-energy constraints
from APV (cf. Sec. A), charged lepton flavor violation (cf. Secs. D and E) and rare meson decays (cf. Sec. F),
apart from the theoretical constraints from perturbative unitarity of the Yukawa couplings. Including all these
constraints we found that diagonal NSI (εee, εµµ, εττ ) can be as large as (0.4%, 21.6%, 34.3%), while off-diagonal
NSI (εeµ, εeτ εµτ ) can be as large as (10−5%, 0.36%, 0.43%), as summarized in Fig. 3.58 and Table 3.17. A
variant of the LQ model with triplet LQs (cf. Sec. 3.6) allows for larger εττ ) which can be as large as 51.7%.
Neutrino scattering experiments are found to be the most constraining for the diagonal NSI parameters εee and
εµµ, while the cLFV searches are the most constraining for the off-diagonal NSI. εττ is the least constrained
and can be probed at future long-baseline neutrino oscillation experiments, such as DUNE, whereas the other
NSI parameters are constrained to be below the DUNE sensitivity reach.
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Figure 3.58: Summary of maximum NSI strength |εαβ | allowed in different classes of radiative neutrino mass
models discussed here. Red, yellow, green, cyan, blue and purple bars correspond to the Zee model, minimal
radiative inverse seesaw model, leptoquark model with singlet, doublet and triplet leptoquarks, and Zee-Babu
model respectively.
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CHAPTER  IV
MINIMAL DIRAC NEUTRINO MASS MODELS FROM U(1)R GAUGE SYMMETRY AND 
LEFT-RIGHT ASYMMETRY AT COLLIDER
4.1 Introduction
The neutrino oscillation data [250] indicates that at-least two neutrinos have tiny masses. The origin of the 
neutrino mass is one of the unsolved mysteries in Particle Physics. The minimal way to obtain the neutrino 
mass is to introduce three right-handed neutrinos singlets under the Standard Model (SM), as a result Dirac
neutrino mass term at the tree-level is allowed: LY ⊃ yνLLH˜ νR. However, this leads to unnaturally small
Yukawa couplings for neutrinos (yν ≤ 10−11). There have been many proposals to naturally induce neutrino
mass mostly by using the seesaw mechanism [251–253,387,471] or radiative mechanism [256]. Most of the models 
of neutrino mass generation assume that the neutrinos are Majorana 2 type in nature. Whether neutrinos are 
Dirac or Majorana type particles is still an open question. This issue can be resolved by neutrinoless double 
beta decay experiments [259]. However, up-to-now there is no concluding evidence from these experiments.
In the literature, recently there is a growing interest in models where neutrinos are assumed to be Dirac 
particles. Many of these models use ad hoc discrete symmetries [260–270] to forbid the aforementioned unnat-
urally small tree-level Yukawa term as well as Majorana mass terms. However, it is more appealing to forbid 
all these unwanted terms utilizing simple gauge extension of the SM instead of imposing symmetries by hand.
In this work, we extend the SM with U(1)R gauge symmetry, under which only the SM right-handed fermions 
are charged and the left-handed fermions transform trivially. This realization is very simple in nature and has 
several compelling features to be discussed in great details. Introducing only the three right-handed neutrinos 
all the gauge anomalies can be cancelled and U(1)R symmetry can be utilized to forbid all the unwanted terms 
to build desired models of Dirac neutrino mass. Within this framework, by employing the U(1)R symmetry we 
construct a tree-level Dirac seesaw [271] model and two models where neutrino mass appears at the one-loop 
level. One of these loop models presented is the most minimal model of radiative Dirac neutrino mass and the 
second model uses the scotogenic mechanism [272] that links two seemingly uncorrelated phenomena: neutrino
2For a recent review on models based on Majorana neutrinos see Ref. [257]. See also Ref. [258] that summarizes models of
Majorana neutrinos in simple unified theories.
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mass with Dark Matter (DM). As we will discuss, the stability of the DM in the latter scenario is a consequence
of a residual Z2 discrete symmetry that emerges from the spontaneous breaking of the U(1)R gauge symmetry.
Among other simple possibilities, one can also extend the SM with U(1)B−L gauge symmetry [273] for
generating the Dirac neutrino mass [274–279]. Both of the two possibilities are attractive and can be regarded
as the minimal gauge extensions of the SM. However, the phenomenology of U(1)R model is very distinctive
compared to the U(1)B−L case. In the literature, gauged U(1)B−L symmetry has been extensively studied
whereas gauged U(1)R extension has received very little attention.
Unlike the U(1)B−L case, in our set-up the SM Higgs doublet is charged under this U(1)R symmetry to
allow the desired Yukawa interactions to generate mass for the charged fermions, this leads to interactions with
the new gauge boson that is absent in U(1)B−L model. The running of the Higgs quartic coupling gets modified
due to having such interactions with the new gauge boson Z ′ that can make the Higgs vacuum stable [280].
Due to the same reason the SM Higgs phenomenology also gets altered [281].
We show by detail analysis that despite of their abelian nature, U(1)R and U(1)B−L have distinguishable
phenomenology. The primary reason that leads to different features is: U(1)R gauge boson couples only to the
right-handed chiral fermions, whereas U(1)B−L is chirality-universal. As a consequence, U(1)R model leads to
large left-right (LR) asymmetry and also forward-backward (FB) asymmetry that can be tested in the current
and future colliders that make use of the polarized initial states, such as in ILC. We also comment on the
differences of our U(1)R scenario with the other U(1)R models existing in the literature. Slightly different
features emerge as a result of different charge assignment of the right-handed neutrinos in our set-up for the
realization of Dirac neutrino mass. In the existing U(1)R models, flavor universal charge assignment for the
right-handed neutrinos are considered and neutrinos are assumed to be Majorana particles. Whereas, in our set-
up, neutrinos are Dirac particles that demands non-universal charge assignment for the right-handed neutrinos
under U(1)R. Neutrinos being Dirac in nature also leads to null neutrinoless double beta decay signal.
The originality of this work is, by employing the U(1)R symmetry without any ad hoc symmetries, we
construct Dirac neutrino masses at the tree-level and one-loop level (with or without DM) which has not been
done before and by performing a detail study of the phenomenology of the new heavy gauge boson, we show
that U(1)R model is very promising to be discovered in the future colliders.
The paper is organized as follows. In Section 4.2, we discuss the framework where SM is extended by an
abelian gauge symmetry U(1)R. In Section 4.3, we present the minimal Dirac neutrino mass models in detail,
along with the particle spectrum and charge assignments. We analyze the collider implications in Section 12.5
and finally, we conclude in Section 13.5.
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Multiplets SU(3)C × SU(2)L × U(1)Y × U(1)R
Quarks
QLi(3, 2,
1
6
, 0)
uRi(3, 1,
2
3
, RH)
dRi(3, 1,− 13 , {−RH})
Leptons
LLi(1, 2,− 12 , 0)
`Ri(1, 1,−1,−RH)
νRi(1, 1, 0, {Rν1 , Rν2 , Rν3})
Higgs H(1, 2, 1
2
, RH)
Table 4.1: Quantum numbers of the fermions and the SM Higgs doublet.
4.2 Framework
Our framework is a very simple extension of the SM: an abelian gauge extension under which only the right-
handed fermions are charged. Such a charge assignment is anomalous, however, all the gauge anomalies can be
cancelled by the minimal extension of the SM with just three right-handed neutrinos. Since global symmetries
are known not to be respected by the gravitational interactions, it is preferable to gauge this symmetry. Within
this framework the minimal choice to generate the charged fermion masses is to utilize the already existing SM
Higgs doublet, hence the associated Yukawa couplings have the form:
LY ⊃ yuQLH˜uR + ydQLHdR + ye`LH`R + h.c. (4.2.1)
As a result, the choice of the U(1)R charges of the right-handed fermions of the SM must be universal and obey
the following relationship:
Ru = −Rd = −Re = RH . (4.2.2)
Here Rk represents the U(1)R charge of the particle k. Hence, all the charges are determined once RH is fixed,
which can take any value. The anomaly is cancelled by the presence of the right-handed neutrinos that in
general can carry non-universal charge under U(1)R. Under the symmetry of the theory, the quantum numbers
of all the particles are shown in Table 4.1.
In our set-up, all the anomalies automatically cancel except for the following two:
[U(1)R] : Rν1 +Rν2 +Rν3 = 3RH , (4.2.3)
[U(1)R]
3 : R3ν1 +R
3
ν2 +R
3
ν3 = 3R
3
H . (4.2.4)
This system has two different types of solutions. The simplest solution corresponds to the case of flavor universal
charge assignment that demands: Rν1,2,3 = RH which has been studied in the literature [282–286]. In this work
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we adopt the alternative choice of flavor non-universal solution and show that the prediction and phenomenology
of this scenario can be very different from the flavor universal case. We compare our model with the other U(1)R
extensions, as well as U(1)B−L extensions of the SM. As already pointed out, different charge assignments leads
to distinct phenomenology in our model and can be distinguished in the neutrino and collider experiments.
Since SM is a good symmetry at the low energies, U(1)R symmetry needs to be broken around O(10) TeV
scale or above. We assume U(1)R gets broken spontaneously by the VEV of a SM singlet χ(1, 1, 0, Rχ) that
must carry non-zero charge (Rχ 6= 0) under U(1)R. As a result of this symmetry breaking, the imaginary part of
χ will be eaten up by the corresponding gauge boson Xµ to become massive. Since EW symmetry also needs to
break down around the O(100) GeV scale, one can compute the masses of the gauge bosons from the covariant
derivatives associated with the SM Higgs H and the SM singlet scalar χ:
DµH = (∂µ − igWµ − ig′YHBµ − igRRH)H, (4.2.5)
Dµχ = (∂µ − igRRχ)χ. (4.2.6)
As a consequence of the symmetry breaking, the neutral components of the gauge bosons will all mix with each
other. Inserting the following VEVs:
〈H〉 =
 0
vH√
2
 , 〈χ〉 = vχ√2 , (4.2.7)
one can compute the neutral gauge boson masses as:
(
B W3 X
)(
v2H
4
)

g′2 −g′g 2g′gRRH
−g′g g2 −2ggRRχ
2g′gRRH −2ggRRχ 4g2RR2H(1 + r2v)


B
W3
X
 . (4.2.8)
Where, rv =
Rχvχ
RHvH
and the well known relation tan θw = g′/g and furthermore vH = 246 GeV. In the above
mass matrix denoted by M2, one of the gauge bosons remain massless, which must be identified as the photon
field Aµ. The two massive states appear which are the SM Z-boson and a heavy Z ′-boson (MZ < MZ′). The
corresponding masses are given by:
MZ,Z′ =
gvH
2cw
(
1
2
[
1 + r2Xc
2
w(1 + r
2
v)
]∓ [ rXcw
sin(2θX)
]) 1
2
, (4.2.9)
here we define:
rX = (2gRRH)/g, (4.2.10)
sin(2θX) =
2rXcw(
[2rXcw]
2
+ [(1 + r2v)r
2
Xc
2
w − 1]2
) 1
2
. (4.2.11)
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Which clearly shows that for gR = 0, the mass of the SM gauge boson is reproduced: MSMZ =
1
2vH(g
2+g′2)1/2 =
1
2gvH/cw. To find the corresponding eigenstates, we diagonalize the mass matrix as: M
2 = U†M2diagU
∗, with:
B
W3
X
 = U

A
Z
Z ′
 , U =

cw −swcX swsX
sw cwcX −cwsX
0 sX cX
 . (4.2.12)
From Eq. equation (??) one can see that the mass of the SM Z-boson gets modified as a consequence of U(1)R
gauge extension. Precision measurement of the SM Z-boson puts bound on the scale of the new physics. From
the experimental measurements, the bound on the lower limit of the new physics scale can be found by imposing
the constraint ∆MZ ≤ 2.1 MeV [287]. For our case, this bound can be translated into:
|∆MZ | =
∣∣∣∣∣MSMZ
(
1−
√
r2v
1 + r2v
)∣∣∣∣∣ ≤ 2.1MeV. (4.2.13)
With MSMZ = 91.1876 GeV [287], we find vχ ≥
(
vHRH
Rχ
)
21708.8 GeV. Which corresponds to vχ ≥ 12.08 TeV
for RH = 1 and Rχ = 3 (this charge assignment for the SM Higgs doublet H and the SM singlet scalar χ that
breaks U(1)R will be used in Secs. 4.3 and 12.5).
Furthermore, the coupling of all the fermions with the new gauge boson can be computed from the following
relevant part of the Lagrangian:
L ⊃ gψ ψγµZ ′µψ. (4.2.14)
The couplings gψ of all the fermions in our theory are collected in Table 4.2 and will be useful for our phe-
nomenological study performed later in the text. Note that the coupling of the left-handed SM fermions are
largely suppressed compared to the right-handed ones since it is always proportional to sin θX and θX must be
small and is highly constrained by the experimental data.
Based on the framework introduced in this section, we construct various minimal models of Dirac neutrino
mass in Sec 4.3 and study the collider phenomenology in Sec. 12.5.
4.3 Dirac Neutrino Mass Models
By adopting the set-up as discussed above, in this section we construct models of Dirac neutrino mass. Within
this set-up, if the solution Rνi = RH is chosen which is allowed by the anomaly cancellation conditions, then
tree-level Dirac mass term yνvHνLνR is allowed and observed oscillation data requires tiny Yukawa couplings
of order yν ∼ 10−11. This is expected not to be a natural scenario, hence due to aesthetic reason we generate
naturally small Dirac neutrino mass by exploiting the already existing symmetries in the theory. This requires
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Fermion, Coupling, gψ
Quarks
guL = − 16 gcw (1 + 2c2w)sX
gdL =
1
6
g
cw
(2 + c2w)sX
guR =
2
3
g
cw
s2wsX + gRcXRH
gdR = − 13 gcw s
2
wsX − gRcXRH
Leptons
gνL = − 12 gcw sX
g`L =
1
2
g
cw
c2wsX
g`R = − gcw s
2
wsX − gRcXRH
gνRi = gRcXRνi
Vector-like fermions gN = gRcXRN
Table 4.2: Couplings of the fermions with the new gauge boson. Here we use the notation: c2w = cos(2θw).
NL,R is any vector-like fermion singlet under the SM and carries RN charge under U(1)R. If a model does not
contain vector-like fermions, we set RN = 0.
the implementation of the the flavor non-universal solution of the anomaly cancellation conditions, in such a
scenario U(1)R symmetry plays the vital role in forbidding the direct Dirac mass term and also all Majorana
mass term for the neutrinos.
It should be mentioned that it is usually not easy to generate naturally light Dirac neutrino mass without
the imposition of ad hoc symmetries into the theory to forbid the tree-level Dirac as well as the Majorana mass
terms. Whereas majority of the constructions in the literature focus on Majorana neutrinos, in this work we
discuss the possibilities of generating Dirac neutrino mass in the context of U(1)R symmetry for the first time,
no additional symmetries are employed by hand.
In this section we explore three different models within our framework where neutrinos receive naturally
small Dirac mass either at the tree-level or at the one-loop level. Furthermore, we also show that the stability
of DM can be assured by a residual discrete symmetry resulting from the spontaneous symmetry breaking of
U(1)R. In the literature, utilizing U(1)R symmetry, two-loop Majorana neutrino mass is constructed with the
imposition of an additional Z2 symmetry in [282, 283] and three types of seesaw cases are discussed, standard
type-I seesaw in [284], type-II seesaw in [285] and inverse seesaw model in [286]. In constructing the inverse
seesaw model, in addition to U(1)R, additional flavor dependent U(1) symmetries are also imposed in [286]. In
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all these models, neutrinos are assumed to be Majorana particles which is not the case in our scenario.
4.3.1 Tree-level Dirac Seesaw
In this sub-section we focus on the tree-level neutrino mass generation via Dirac seesaw mechanism [271]. For
the realization of this scenario, we introduce three generations of vector-like fermions that are singlets under
the SM NL,R(1, 1, 0, RN ). In this model the quantum numbers of the multiplets are shown in Table 4.3 and the
corresponding Feynman diagram for neutrino mass generation is shown in Fig. 4.1. This choice of the particle
content allows one to write the following Yukawa coupling terms relevant for neutrino mass generation:
LY ⊃ yHLLH˜NR +MNNLNR + yχNLνRχ∗ + h.c. (4.3.15)
Here, we have suppressed the generation and the group indices. And the Higgs potential is given by:
V = −µ2HH†H + λ(H†H)2 − µ2χχ∗χ+ λ1(χ∗χ)2 + λ2H†Hχ∗χ. (4.3.16)
When both the U(1)R and EW symmetries are broken, the part of the above Lagrangian responsible for neutrino
mass generation can be written as:
LY ⊃
(
νL NL
)
Mν,N
 νR
NR
 , Mν,N =
 0 vH√2yH
vχ√
2
yχ MN
 . (4.3.17)
Where Mν,N is a 6 × 6 matrix and since νR1 carries a different charge we have yχi1 = 0. The bare mass term
MN of the vector-like fermions can in principle be large compared to the two VEVs, MN  vH,χ, assuming
this scenario the light neutrino masses are given by:
mν ∼ vHvχ
2
yHyχ
MN
. (4.3.18)
Assuming vχ = 10 TeV, yH = yχ ∼ 10−3, to get mν = 0.1 eV one requires MN ∼ 1010 GeV. Dirac neutrino
mass generation of this type from a generic point of view without specifying the underline symmetry is discussed
in [266].
In this scenario two chiral massless states appear, one of which is νR1 as a result of its charge being different
from the other two generations. Then νR1 may contribute to the effective number of relativistic degrees of
freedom, Neff . However, since this state does not couple to the rest of the theory, it can decouple from the
thermal bath early in the universe hence does not contribute to Neff , and is not in conflict with cosmological
measurements [275, 288–290]. It should be pointed out that all three generations of neutrinos can be given
Dirac mass if the model is extended by a second SM singlet χ′(1, 1, 0,−6). When this field acquires an induced
VEV all neutrinos become massive. This new SM singlet scalar gets an induced VEV from a cubic coupling of
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Multiplets SU(3)C × SU(2)L × U(1)Y × U(1)R
Leptons
LLi(1, 2,− 12 , 0)
`Ri(1, 1,−1,−1)
νRi(1, 1, 0, {−5, 4, 4})
Scalars
H(1, 2, 1
2
, 1)
χ(1, 1, 0, 3)
Vector-like fermion NL,R(1, 1, 0, 1)
Table 4.3: Quantum numbers of the fermions and the scalars in Dirac seesaw model.
Figure 4.1: Representative Feynman diagram for tree-level Dirac Seesaw.
the form: µχ2χ′ + h.c.. Alternatively, without specifying the ultraviolet completion of the model a small Dirac
neutrino mass for the massless chiral states can be generated via the dimension-5 operator NLνR〈χ〉〈χ〉/Λ once
U(1)R is broken.
4.3.2 Simplest one-loop implementation
In this sub-section we consider the most minimal model of radiative Dirac neutrino mass in the context of U(1)R
symmetry. Unlike the previous sub-section, we do not introduce any vector-like fermions, hence neutrino mass
does not appear at the tree-level. All tree-level Dirac and Majorana neutrino mass terms are automatically
forbidden due to U(1)R symmetry reasons. This model consists of two singly charged scalars S+i to complete
the loop-diagram and a neutral scalar χ to break the U(1)R symmetry, the particle content with their quantum
numbers is presented in Table 4.4.
With this particle content the gauge invariant terms in the Yukawa sector responsible for generating neutrino
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Multiplets SU(3)C × SU(2)L × U(1)Y × U(1)R
Leptons
LLi(1, 2,− 12 , 0)
`Ri(1, 1,−1,−1)
νRi(1, 1, 0, {−5, 4, 4})
Scalars
H(1, 2, 1
2
, 1)
χ(1, 1, 0, 3)
S+1 (1, 1, 1, 0)
S+2 (1, 1, 1,−3)
Table 4.4: Quantum numbers of the fermions and the scalars in radiative Dirac model.
mass are given by:
LY ⊃ yHLL`RH + yS1LcLLLS+1 + yS2νcR`RS+2 + h.c. (4.3.19)
And the complete Higgs potential is given by:
V = −µ2HH†H + µ21|S+1 |2 + µ22|S+2 |2 − µ2χχ∗χ+ (µS+2 S−1 χ+ h.c.) + λ(H†H)2 + λ1|S+1 |4 + λ2|S+2 |4
+ λχ(χ
∗χ)2 + λ3|S+1 |2|S+2 |2 + λ4|S+1 |2H†H + λ5|S+2 |2H†H + λ6H†Hχ∗χ. (4.3.20)
By making use of the existing cubic term V ⊃ µS+2 S−1 χ + h.c. one can draw the desired one-loop Feynman
diagram that is presented in Fig. 4.2. The neutrino mass matrix in this model is given by:
mνab =
sin(2θ)
16pi2
ln
(
m2H2
m2H1
)
yS1aimEiy
S2
ib . (4.3.21)
Here θ represents the mixing between the singly charged scalars and mHi represents the mass of the physical
state H+i . Here we make a crude estimation of the neutrino mass: for θ = 0.1 radian, mH2/mH1 = 1.1 and
ySi ∼ 10−3 one gets the correct order of neutrino mass mν = 0.1 eV.
This is the most minimal radiative Dirac neutrino mass mechanism which was constructed by employing a
Z2 symmetry in [291] and just recently in [276, 278] by utilizing U(1)B−L symmetry. As a result of the anti-
symmetric property of the Yukawa couplings yS1 , one pair of chiral states remains massless to all orders, higher
dimensional operators cannot induce mass to all the neutrinos. As already pointed out, neutrino oscillation
data is not in conflict with one massless state.
4.3.3 Scotogenic Dirac neutrino mass
The third possibility of Dirac neutrino mass generation that we discuss in this sub-section contains a DM
candidate. The model we present here belongs to the radiative scotogenic [272] class of models and contains a
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Figure 4.2: Representative Feynman diagram for the simplest one-loop Dirac neutrino mass.
second Higgs doublet in addition to two SM singlets. Furthermore, a vector-like fermion singlet under the SM
is required to complete the one-loop diagram. The particle content of this model is listed in Table 4.5 and the
associated loop-diagram is presented in Fig. 4.3.
Multiplets SU(3)C × SU(2)L × U(1)Y × U(1)R
Leptons
LLi(1, 2,− 12 , 0)
`Ri(1, 1,−1,−1)
νRi(1, 1, 0, {−5, 4, 4})
Scalars
H(1, 2, 1
2
, 1)
χ(1, 1, 0, 3)
S(1, 1, 0,− 7
2
)
η(1, 2, 1
2
, 1
2
)
Vector-like fermion NL,R(1, 1, 0, 12 )
Table 4.5: Quantum numbers of the fermions and the scalars in scotogenic Dirac neutrino mass model.
The relevant Yukawa interactions are given as follows:
yηLLNRη˜ +MNNLNR + ySNLνRS + h.c. (4.3.22)
And the complete Higgs potential is given by:
V = −µ2HH†H + λ(H†H)2 + µ2ηη†η + λη(η†η)2 − µ2χχ∗χ+ λχ(χ∗χ)2 + µ2SS∗S + λS(S∗S)2
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Figure 4.3: Representative Feynman diagram for scotogenic Dirac neutrino mass model.
+ λ1H
†Hη†η + λ2H†HS∗S + λ3H†Hχ∗χ+ λ4η†ηS∗S + λ5η†ηχ∗χ+ λ6χ∗χS∗S
+ (λ7H
†ηη†H + h.c.) + (λDη†HχS + h.c.). (4.3.23)
The SM singlet S and the second Higgs doublet η do not acquire any VEV and the loop-diagram is completed
by making use of the quartic coupling V ⊃ λDη†HχS + h.c.. Here for simplicity we assume that the SM Higgs
does not mix with the other CP-even states, then the mixing between S0 and η0 originates from the quartic
coupling λD (and similarly for the CP-odd states). Then the neutrino mass matrix is given by:
mνab =
1
16pi2
sin θ cos θ
2
yηaiMN iy
S
ib
(
F
[
m2
H02
M2N i
]
− F
[
m2
H01
M2N i
])
(4.3.24)
− 1
16pi2
sin θ′ cos θ′
2
yηaiMN iy
S
ib
(
F
[
m2
A02
M2N i
]
− F
[
m2
A01
M2N i
])
. (4.3.25)
Where the mixing angle θ ( θ′) between the CP-even (CP-odd) states are given by:
θ =
1
2
sin−1
(
λ vH vχ
m2
H02
−m2
H01
)
, θ′ =
1
2
sin−1
(
λ vH vχ
m2
A02
−m2
A01
)
. (4.3.26)
For a rough estimation we assume no cancellation among different terms occurs. Then by setting mH = 1 TeV,
MN = 103 TeV, λ = 0.1, vχ = 10 TeV, yη,S ∼ 10−3 one can get the correct order of neutrino mass mν ∼ 0.1 eV.
Since νR1 carries a charge of −5, a pair of chairal states associated with this state remains massless. How-
ever, in this scotogenic version, unlike the simplest one-loop model presented in the previous sub-section, all
the neutrinos can be given mass by extending the model further. Here just for completeness we discuss a
straightforward extension, even though this is not required, since one massless neutrino is not in conflict with
the experimental data. If the model defined by Table 4.5 is extended by two SM singlets χ′(1, 1, 0,−6) and a
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S′(1, 1, 0, 112 ), all the neutrinos will get non-zero mass. The VEV of the field χ
′ can be induced by the allowed
cubic term of the form µχ2χ′ + h.c. whereas, S′ does not get any induced VEV.
Here we comment on the DM candidate in this model. In search of finding the unbroken symmetry, first
we rescale all the U(1)R charges of the particles in the theory given in Table 4.5 including the quark fields in
such a way that the magnitude of the minimum charge is unity. From this rescaling it is obvious that when
the U(1)R symmetry is broken spontaneously by the VEV of the χ field that carries six units of charge leads
to: U(1)R → Z6. However, since the SM Higgs doublet carries a charge of two units under this surviving Z6
symmetry, its VEV further breaks this symmetry: Z6 → Z2. This unbroken discrete Z2 symmetry can stabilize
the DM particle in our theory. Under this residual symmetry, all the SM particles are even, whereas only the
scalars S, η and vector-like fermions NL,R are odd and can be the DM candidate. Phenomenologies associated
with the DM matter in scotogenic models are widely discussed in the literature, hence we do not repeat the
analysis here. For an example, the lightest of the vector-like fermions N1 can be a good DM candidate and the
associated parameter space has been explored in great details in [292].
4.4 Collider Implications
Models with extra U(1)R implies a new Z ′ neutral boson, which contains a plethora of phenomenological
implications at collider. Here we mainly focus on the phenomenology of heavy gauge boson Z ′ emerging from
U(1)R.
4.4.1 Constraint on Heavy Gauge Boson Z ′ from LEP
There are two kinds of Z ′ searches: indirect and direct. In case of indirect searches, one can look for deviations
from the SM which might be associated with the existence of a new gauge boson Z ′. This generally involves
precision EW measurements at below and above the Z-pole. e+e− collision at LEP experiment [452] above the
Z boson mass provides significant constraints on contact interactions involving e+e− and fermion pair. One can
integrate out the new physics and express its influence via higher-dimensional (generally dim-6) operators. For
the process e+e− → ff¯ , contact interactions can be parameterized by an effective Lagrangian, Leff , which is
added to the SM Lagrangian and has the form:
Leff = 4pi
Λ2(1 + δef )
∑
i,j=L,R
ηfij(e¯iγ
µei)(f¯jγµfj). (4.4.27)
Where Λ is the new physics scale, δef is the Kronecker delta function, f indicates all the fermions in the model
and η takes care the chirality structure coefficients. The exchange of new Z ′ boson state emerging from U(1)R
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can be stated in a similar way as:
Leff = 1
1 + δef
g2R
M2Z′
(e¯γµPRe)(f¯γµPRf). (4.4.28)
Due to the nature of U(1)R gauge symmetry, the above interaction favors only the right-handed chirality
structure. Thus, the constraint on the scale of the contact interaction for the process e+e− → l+l− from LEP
measurement [452] will indirectly impose bound on Z ′ mass and the gauge coupling (gR) such that
MZ′
gR
& 3.59 TeV (4.4.29)
Other processes such as e+e− → cc¯ and e+e− → bb¯ impose somewhat weaker bounds than the ones quoted in
Eq. 4.4.29.
4.4.2 Heavy Gauge Boson Z ′ at the LHC
Figure 4.4: Upper limits at 95% C.L. on the cross-section for the process pp → Z ′ → l+l− as a function of
the di-lepton invariant mass using ATLAS results at
√
s = 13 TeV with 36.1 fb−1 integrated luminosity. The
black solid line is the observed limit, whereas the green and yellow regions correspond to the 1σ and 2σ bands
on the expected limits. Red solid (dashed) [dotted] line is for model predicted cross-section for three different
values of U(1)R gauge coupling constant gR = 0.5 (0.3) [0.1] respectively.
Now we analyze the physics of the heavy neutral gauge boson Z ′ at Large Hadron Collider (LHC). At
the LHC, Z ′ can be resonantly produced via the quark fusion process qq¯ → Z ′ since the coupling of Z ′
with right handed quarks (uR, dR) are not suppressed. After resonantly produced at the LHC, Z ′ will decay
into SM fermions and also to the exotic scalars (S+2 S
−
2 , χχ) or fermions (NN ) depending on the model if
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kinematically allowed1. The present lack of any signal for di-lepton resonances at the LHC dictates the stringent
bound on the Z ′ mass and U(1)R coupling constant gR in our model as the production cross-section solely
depends on these two free parameters. Throughout our analysis, we consider that the mixing Z − Z ′ angle
is not very sensitive (sX = 0). In order to obtain the constraints on these parameter space, we use the
dedicated search for new resonant high-mass phenomena in di-electron and di-muon final states using 36.1 fb−1
of proton-proton collision data, collected at
√
s = 13 TeV by the ATLAS collaboration [294]. The searches
for high mass phenomena in di-jet final states [295] will also impose bound on the model parameter space,
but it is somewhat weaker than the di-lepton searches due to large QCD background. For our analysis, we
implement our models in FeynRules_v2.0 package [296] and simulate the events for the process pp → Z ′ →
e+e−(µ+µ−) with MadGraph5_aMC@NLO_v3_0_1 code [297]. Then, using parton distribution function
(PDF) NNPDF23_lo_as_0130 [298], the cross-section and cut efficiencies are estimated. Since no significant
deviation from the SM prediction is observed in experimental searches [294] for high-mass phenomena in di-
lepton final states, upper limit on the cross-section is derived from the experimental analyses [294] using σ×
BR = Nrec/(A× ×
∫
Ldt), where Nrec is the number of reconstructed heavy Z ′ candidate, σ is the resonant
production cross-section of the heavy Z ′, BR is the branching ratio of Z ′ decaying into di-lepton final states ,
A×  is the acceptance times efficiency of the cuts for the analysis. In Fig.4.4, we have shown the upper limits
on the cross-section at 95% C.L. for the process pp→ Z ′ → l+l− as a function of the di-lepton invariant mass
using ATLAS results [294] at
√
s = 13 TeV with 36.1 fb−1 integrated luminosity. Red solid, dashed and dotted
lines in Fig.4.4 indicate the model predicted cross-section for three different values of U(1)R gauge coupling
constant gR = 0.5, 0.3, 0.1 respectively. We find that Z ′ mass should be heavier than 4.4, 3.9 and 2.9 TeV for
three different values of U(1)R gauge coupling constant gR = 0.5, 0.3 and 0.1.
In Fig.4.5, we have shown all the current experimental bounds in MZ′ − gR plane. Red meshed zone is
excluded from the current experimental di-lepton searches [294]. The cyan meshed zone is forbidden from the
LEP constraint [452] and the blue meshed zone is excluded from the limit on SM Z boson mass correction:
1
3MZ′/gR > 12.082 TeV as aforementioned. We can see from Fig.4.5 that the most stringent bound inMZ′−gR
plane is coming from direct Z ′ searches at the LHC. After imposing all the current experimental bounds, we
analyze the future discovery prospect of this heavy gauge boson Z ′ within the allowed parameter space in
MZ′ − gR plane looking at the prompt di-lepton resonance signature at the LHC. We find that a wider region
of parameter space in MZ′ − gR plane can be tested at the future collider experiment. Black, green, purple and
brown dashed lines represent the projected discovery reach at 5σ significance at 13 TeV LHC for 100 fb−1, 300
1Even if we include Z′ → NN , S+2 S−2 , χχ decay modes, the branching fraction (∼ 4%) for Z′ → e+e−/µ+µ− mode does not
change much.
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Figure 4.5: Red meshed zone in MZ′ − gR plane indicates the excluded region from the upper limit on the
cross-section for the process pp→ Z ′ → l+l− at 95% C.L. using ATLAS results at √s = 13 TeV with 36.1 fb−1
integrated luminosity. The cyan meshed zone is excluded from the LEP constraint. The blue meshed zone is
excluded from the limit on SM Z boson mass correction: 13MZ′/gR > 12.082 TeV. Black, green, purple and
brown dashed lines represent the projected discovery reach at 5σ significance at 13 TeV LHC for 100 fb−1, 300
fb−1, 500 fb−1 and 1 ab−1 luminosities.
fb−1, 500 fb−1 and 1 ab−1 luminosities. On the top of that, the right handed chirality structure of U(1)R can
be investigated at the LHC by measuring Forward-Backward (FB) and top polarization asymmetries in Z ′ → tt¯
mode [299] and which can discriminate our U(1)R Z ′ interaction from the other Z ′ interactions in U(1)B−L
model. The investigation of other exotic decay modes (NN , χχ, S+2 S−2 ) of heavy Z ′ is beyond the scope of
this article and shall be presented in a future work since these will lead to remarkable multi-lepton or displaced
vertex signature [300–306] at the collider.
4.4.3 Heavy Gauge Boson Z ′ at the ILC
Due to point-like structure of leptons and polarized initial and final state fermions, lepton collider like ILC
will provide much better precision of measurements. The purpose of the Z ′ search at the ILC would be either
to help identifying any Z ′ discovered at the LHC or to extend the Z ′ discovery reach (in an indirect fashion)
following effective interaction. Even if the mass of the heavy gauge boson Z ′ is too heavy to directly probe
at the LHC, we will show that by measuring the process e+e− → f+f−, the effective interaction dictated by
Eq.4.4.28 can be tested at the ILC. Furthermore, analysis with the polarized initial state at ILC can shed light
on the chirality structure of the effective interaction and thus it can distinguish between the heavy gauge boson
151
Z ′ emerging from U(1)R extended model and the Z ′ from other U(1) extended model such as U(1)B−L. The
process e+e− → f+f− typically exhibits asymmetries in the distributions of the final-state particles isolated by
the angular- or polarization-dependence of the differential cross section. These asymmetries can thus be utilized
as a sensitive measurement of differences in interaction strength and to distinguish a small asymmetric signal at
the lepton collider. In the following, the asymmetries (Forward-Backward asymmetry, Left-Right asymmetry)
related with this work will be described in great detail.
A Forward-Backward Asymmetry
The differential cross section in Eq.4.4.38 is asymmetric in polar angle, leading to a difference of cross sections
for Z ′ decays between the forward and backward hemispheres. Earlier, LEP experiment [452] uses Forward-
backward asymmetries to measure the difference in the interaction strength of the Z boson between left-handed
and right-handed fermions, which gives a precision measurement of the weak mixing angle. Here we will show
that our framework leads to sizable and distinctive Forward-Backward (FB) asymmetry discriminating from
other models and which can be tested at the ILC, since only the right-handed fermions carry non-zero charges
under the U(1)R. For earlier analysis of FB asymmetry in the context of other models as well as model
independent analysis see for example Refs. [284,286,307–317].
At the ILC, Z ′ effects have been studied for the following processes:
e−(k1, σ1) + e+(k2, σ2)→ e−(k3, σ3) + e+(k4, σ4), (4.4.30)
e−(k1, σ1) + e+(k2, σ2)→ µ−(k3, σ3) + µ+(k4, σ4), (4.4.31)
e−(k1, σ1) + e+(k2, σ2)→ τ−(k3, σ3) + τ+(k4, σ4), (4.4.32)
where σi = ±1 are the helicities of initial (final)-state leptons and ki’s are the momenta. Since the e+e− → µ+µ−
process is the most sensitive one at the ILC, we will focus on this process only for rest of our analysis. One can
write down the corresponding helicity amplitudes as:
M(+−+−) = −e2 (1 + cos θ)
[
1 + c2R
s
sZ
+
4s
α(ΛeR)
2
]
, (4.4.33)
M(−+−+) = −e2 (1 + cos θ)
[
1 + c2L
s
sZ
]
, (4.4.34)
M(+−−+) =M(−+ +−) = e2 (1− cos θ)
[
1 + cRcL
s
sZ
]
, (4.4.35)
M(+ + ++) =M(−−−−) = 0, (4.4.36)
where s = (k1 + k2)2 = (k3 + k4)2, sZ = s − m2Z + imZΓZ , and cos θ indicates the scattering polar angle.
e2 = 4piα with α = QED coupling constant, cR = tan θW and cL = − cot 2θW and θW is the weak mixing angle.
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Figure 4.6: The strength of FB asymmetry ∆AFB as a function of VEV vχ(= MZ′/3gR) for both left and
right handed polarized cross sections of the e+e− → µ+µ− process at the ILC. Red dashed (solid) line represents
∆AFB for U(1)R case for left (right) handed polarized cross sections of the e+e− → µ+µ− process, whereas blue
dotted (dashed) line indicates ∆AFB for U(1)B−L case for left (right) handed polarized cross sections. Here,
we set COM energy of the ILC at
√
s = 500 GeV with 1 ab−1 (left) and 5 ab−1 (right) integrated luminosity.
Here the horizontal solid black lines correspond to the 1σ and 2σ ( 2σ and 3σ ) sensitivity for left (right) figure,
and the grey shaded region corresponds to excluded region from the SM Z boson mass correction.
For a purely polarized initial state, the differential cross-section is expressed as:
dσσ1σ2
d cos θ
=
1
32pis
∑
σ3,σ4
∣∣M{σi}∣∣2 . (4.4.37)
Then the differential cross-section for the partially polarized initial state with degree of polarization Pe− for the
electron beam and Pe+ for the positron beam can be written as [284,307]:
dσ(Pe− , Pe+)
d cos θ
=
1 + Pe−
2
1 + Pe+
2
dσ++
d cos θ
+
1 + Pe−
2
1− Pe+
2
dσ+−
d cos θ
+
1− Pe−
2
1 + Pe+
2
dσ−+
d cos θ
+
1− Pe−
2
1− Pe+
2
dσ−−
d cos θ
. (4.4.38)
One can now define polarized cross-section σL,R (for the realistic values at the ILC [318]) as:
dσR
d cos θ
=
dσ(0.8,−0.3)
d cos θ
, (4.4.39)
dσL
d cos θ
=
dσ(−0.8, 0.3)
d cos θ
, (4.4.40)
Using this one can study the initial state polarization dependent forward-backward asymmetry as:
AFB (σL,R) =
NF (σL,R)−NB (σL,R)
NF (σL,R) +NB (σL,R)
,
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where
NF (σL,R) = L
∫ cmax
0
d cos θ
dσ (σL,R)
d cos θ
, (4.4.41)
NB (σL,R) = L
∫ 0
−cmax
d cos θ
dσ (σL,R)
d cos θ
, (4.4.42)
where L represents the integrated luminosity,  indicates the efficiency of observing the events, and cmax is a
kinematical cut chosen to maximize the sensitivity. For our analysis we consider  = 1, and cmax = 0.95. Then
we estimate the sensitivity to Z ′ contribution by:
∆AFB (σL,R) = |ASM+Z
′
FB (σL,R)−ASMFB (σL,R) |, (4.4.43)
where ASM+Z
′
FB and A
SM
FB are FB asymmetry originated from both the SM and Z
′ contribution and from the SM
case only. Next, it is compared with the statistical error of the asymmetry (in only SM case) δAFB [284,307]:
δAFB (σL,R) =
√
1− (ASMFB (σL,R))2
NSMF (σL,R) +N
SM
B (σL,R)
. (4.4.44)
In Fig.4.6, we analyze the strength of FB asymmetry ∆AFB as a function of VEV vχ(= MZ′/3gR) for both
left and right handed polarized cross sections of the e+e− → µ+µ− process. In order to compare, we have done
the analysis for both the cases: Z ′ from both U(1)R and U(1)B−L cases. We have considered the centre of
mass energy for the ILC at
√
s = 500 GeV and the integrated luminosity L is set to be 1 ab−1 (5 ab−1) for
the left (right) panel of Fig.4.6. The grey shaded region corresponds to excluded region from the SM Z boson
mass correction. Red dashed (solid) line represents ∆AFB for U(1)R case for left (right) handed polarized cross
sections of the e+e− → µ+µ− process, whereas blue dotted (dashed) line indicates ∆AFB for U(1)B−L case
for left (right) handed polarized cross sections. From Fig.4.6, we find that in case of U(1)R model, it provides
significant difference of ∆AFB for σR and σL due to the right handed chirality structure of Z ′ interaction from
U(1)R, while in case of U(1)B−L model, it provides small difference. Hence by comparing the difference of ∆AFB
for differently polarized cross-section σR and σL at the ILC, we can easily discriminate the Z ′ interaction from
U(1)R and U(1)B−L model. As we can see from Fig.4.6 that there are significant region for MZ′/3gR > 12.082
TeV which can give more than 2σ sensitivity for FB asymmetry by looking at e+e− → µ+µ− process at the
ILC. We can also expect much more higher sensitivity while combining different final fermionic states such as
other leptonic modes (e+e−, τ+τ ) as well as hadronic modes jj. Moreover, the sensitivity to Z ′ interaction can
be enhanced by analyzing the scattering angular distribution in detail, although it is beyond the scope of our
paper.
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Figure 4.7: The strength of LR asymmetry ∆AFB as a function of VEV vχ(= MZ′/3gR) for both left and
right handed polarized cross sections of the e+e− → µ+µ− process at the ILC. Red solid line represents ∆ALR
for U(1)R case for the e+e− → µ+µ− process, whereas blue solid line indicates ∆ALR for U(1)B−L case. Here,
we set COM energy of the ILC at
√
s = 500 GeV with 1 ab−1 (left) and 5 ab−1 (right) integrated luminosity.
Here the horizontal lines corresponding to sensitivity confidence level 3σ and 5σ, and the grey shaded region
corresponds to excluded region from the Z boson mass correction.
B Left-Right Asymmetry
The simplest example of the EW asymmetry for an experiment with a polarized electron beam is the left-right
asymmetry ALR, which measures the asymmetry at the initial vertex. Since there is no dependence on the final
state fermion couplings, one can get an advantage by looking at LR asymmetry at lepton collider. Another
advantage of this LR asymmetry measurement is that it is barely sensitive to the details of the detector. As long
as at each value of cos θ, its detection efficiency of fermions is the same as that for anti-fermions, the efficiency
effects should be canceled within the ratio, because the Z ′ decays into a back-to-back fermion-antifermion pair
and about the midplane perpendicular to the beam axis, the detector was designed to be symmetric. For earlier
study of LR asymmetry in different context, one can see for example Refs. [307–317, 319]. LR asymmetry is
defined as:
ALR =
NL −NR
NL +NR
,
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where NL is the number of events in which initial-state particle is left-polarized, while NR is the corresponding
number of right-polarized events.
NL = L
∫ cmax
−cmax
d cos θ
dσL
d cos θ
, (4.4.45)
NR = L
∫ cmax
−cmax
d cos θ
dσR
d cos θ
. (4.4.46)
Similarly, one can estimate the sensitivity to Z ′ contribution in LR asymmetry by [308,311,319]:
∆ALR = |ASM+Z
′
LR −ASMLR |, (4.4.47)
with a statistical error of the asymmetry δALR , given [308,311,319] as
δALR =
√
1− (ASMLR )2
NSML +N
SM
R
. (4.4.48)
Figure 4.8: Current existing bounds and projected discovery reach at the ILC in MZ′ − gR plane. Green
and yellow shaded zone correspond to sensitivity confidence level 1σ and 2σ looking LR asymmetry for U(1)R
extended model at the ILC. Red meshed zone in MZ′ − gR plane indicates the excluded region from the upper
limit on the cross-section for the process pp → Z ′ → l+l− at 95% C.L. using ATLAS results at √s = 13 TeV
with 36.1 fb−1 integrated luminosity. The cyan meshed zone is excluded from the LEP constraint. The blue
meshed zone is excluded from the limit on SM Z boson mass correction: 13MZ′/gR > 12.082 TeV.
In Fig.4.7, we analyze the strength of LR asymmetry ∆ALR for the e+e− → µ+µ− process as a function
of VEV vχ(= MZ′/3gR). In order to distinguish Z ′ interaction, we have done the analysis for both the cases:
Z ′ emerging from both U(1)R and U(1)B−L cases. We have considered the centre of mass energy for the ILC
at
√
s = 500 GeV and the integrated luminosity L is set to be 1 ab−1 (5 ab−1) for the left (right) panel of
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Fig.4.7. The grey shaded region corresponds to excluded region from the SM Z boson mass correction. Red
(blue) solid line represents ∆ALR for U(1)R (U(1)B−L) case. From Fig.4.7, we find that in case of U(1)R
model, it provides remarkably large LR asymmetry ∆ALR due to the right handed chirality structure of Z ′
interaction from U(1)R, while in case of U(1)B−L model, it gives smaller contribution. Hence by comparing the
difference of ∆ALR at the ILC, we can easily discriminate the Z ′ interaction from U(1)R and U(1)B−L model.
As we can see from Fig.4.7 that there is significant region for MZ′/3gR > 12.082 TeV which can give more
than 3σ sensitivity for LR asymmetry by looking at e+e− → µ+µ− process at the ILC. Even if, we can achieve
5σ sensitivity for a larger parameter space in our framework, if integrated luminosity of ILC is upgraded to 5
ab−1. Although, measurement of both the FB and LR asymmetries at the ILC can discriminate Z ′ interaction
for U(1)R model from other U(1) extended models such as U(1)B−L model, it is needless to mention that the
LR asymmetry provides much more better sensitivity than the FB asymmetry in our case. In Fig. 4.8, we
have shown the survived parameter space in MZ′ − gR plane satisfying all existing bounds and which can be
probed at the ILC in future by looking at LR asymmetry strength. Green and yellow shaded zone correspond
to sensitivity confidence level 1σ and 2σ by measuring LR asymmetry for U(1)R extended model at the ILC.
For higher mass Z ′ (above ∼ 10 TeV) boson, it is too heavy to directly produce and probe at the LHC looking
at prompt di-lepton signature. On the other hand, ILC can probe the heavy Z ′ effective interaction and LR
asymmetry can pin down/distinguish our U(1)R model from other existing U(1) extended model for a lrage
region parameter space. Thus, Z ′ search at the ILC would help identifying the origin of Z ′ boson as well as to
extend the Z ′ discovery reach following effective interaction.
4.5 Conclusions
We believe that the scale of new physics is not far from the EW scale and a simple extension of the SM should
be able to address few of the unsolved problems of the SM. Adopting this belief, in this work, we have explored
the possibility of one of the most minimal gauge extensions of the SM which is U(1)R that is responsible for
generating Dirac neutrino mass and may also stabilize the DM particle. Cancellation of the gauge anomalies
are guaranteed by the presence of the right-handed neutrinos that pair up with the left-handed partners to
form Dirac neutrinos. Furthermore, this U(1)R symmetry is sufficient to forbid all the unwanted terms for
constructing naturally light Dirac neutrino mass models without imposing any ad hoc symmetries into the
theory. The chiral non-universal structure of our framework induces asymmetries, such as forward-backward
asymmetry and especially left-right asymmetry that are very distinct compared to any other U(1) models. By
performing detail phenomenological studies of the associated gauge boson, we have derived the constraints on
the U(1)R model parameter space and analyzed the prospect of its testability at the collider such as at LHC
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and ILC. We have shown that, a heavy Z ′ (emerging from U(1)R), even if its mass is substantially higher than
the center of mass energy available in ILC, would manifest itself at tree-level by its propagator effects producing
sizable effects on the LR asymmetry or FB asymmetry. This can be taken as an initial guide to explore the
U(1)R model at the collider.
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CHAPTER  V
NEUTRINO MASSES AND SCALAR SINGLET DARK MATTER
5.1 Introduction
Evidence of Physics beyond the Standard Model (SM) have essentially come from two discoveries: the existence 
of non-zero neutrino masses and cosmological evidence for the existence of the Dark matter (DM). Although 
it is not established whether the DM is of astrophysical origin, or of particle physics, many models have been 
proposed as an extension of SM to accommodate a stable weakly interacting massive particle (WIMP) which 
can satisfy DM constraints. Similarly, several models of neutrino mass generation have been proposed to 
satisfy the observed neutrino masses and mixing. However, to bring them under one umbrella seems harder 
if not impossible [320, 321]. The main incentive for addressing such a cause is that both neutrinos and DMs 
necessarily have to be coupled weakly to the SM.
In this note we try to address both the issues of neutrino masses and DM together with a minimal possible 
extension of the SM. The simplest way of accommodating DM is to assume the existence of a singlet scalar 
(S) which is coupled to the SM through Higgs portal coupling. The stability of such a DM is ensured with
imposing a Z2 symmetry under which the DM is odd, while the SM is even. The phenomenology of such a 
case have been discussed in different contexts for the simplicity and predictability [322–325]. However, non-
observation of DM in direct search experiments is pushing this model under tight constraints. Excepting for 
Higgs resonance (mS = mH/2) region, the singlet scalar DM is essentially ruled out from the direct detection 
constraints [326, 327] to a very large DM mass.
However, we demonstrate here that scalar singlet DM with Higgs-portal interaction can still survive without 
incorporating semi-annihilation [328], or multi-component feature [327] if we can think of additional interactions 
of such DM to annihilate to some non-SM particles and produce right amount of relic density as observed by 
WMAP [329] or PLANCK [609]. In such a situation the effective DM-SM portal coupling required to generate 
correct density is reduced and so is the direct search cross-section; keeping the DM alive after strong bounds 
of LUX [331] and XENON100 [332]. While the presence of additional annihilation channels for the DM to 
those beyond the SM particles has already been discussed in literature, for example, in MSSM, we highlight 
the fact here that such a feature helps alleviating the pressure from non-observation of the DM candidate in
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direct search experiments. This is first possible attempt to bring such a phenomena correlated to the cause of
neutrino mass generation mechanism in one model framework to the best of our knowledge.
While we know that neutrino masses can effectively be generated though the existence of additional EW
quadruplet scalar (∆) [615], the singlet scalar S can couple to it and can annihilate to them whenever the mass
of the DM is larger than ∆ (mS > m∆). This effectively then reduces annihilation cross-sections for SS → SM
and keeps the model alive in a much larger region of parameter space from direct search experiment. We also
point out that constraints coming from neutrino masses do not affect too much to the dark sector.
After the sad demise of the 750 GeV diphoton excess at the Large Hadron Collider (LHC) [337, 338], we
point out the modified bound on the EW Quadruplet and the DM in absence of any signal beyond SM coming
from the LHC experiments.
The paper is organized as follows. In Section 10.2, we discuss the extensions beyond SM to accommodate
DM and neutrino masses. In Sec. 5.3, we analyze the constraints on the model from relic density and direct
detection searches of the dark matter. Numerical simulations for the LHC signatures of our model is discussed
in Section 12.5. Finally in section 10.6, we give our conclusions.
5.2 Model and Formalism
Our model is based on the SM symmetry group SU(3)C × SU(2)L × U(1)Y supplemented by an unbroken
discrete Z2 symmetry. In the fermion sector, in addition to the SM fermions, we add two vector-like SU(2)
triplet leptons, Σ and Σ¯. In the scalar sector, in addition to the usual SM Higgs doublet, H, we introduce an
isospin 3/2 scalar, ∆, and an EW singlet, S. The Singlet scalar, S is odd under Z2, while all other particles in
the model are even under Z2.
Let us mention that the extra particles ∆, Σ and Σ¯ are introduced to generate tiny neutrino masses via the
dimension seven operators [339,615]. We will discuss more on this after we introduce the scalar potential. This
model can explain neutrino masses for reasonable choice of parameters, and can accommodate both normal and
inverted hierarchy for the neutrino masses. The singlet scalar, S along with the Z2 symmetry introduced in
this framework, provides with a viable candidate for DM, and is one of the major motivations of this work. The
particle contents along with their quantum numbers are shown in the Table 10.1.
The most general renormalizable scalar potential consistent with scalar spectrum of this model is given by,
V (H,∆) = −µ2HH†H + µ2∆∆†∆ +
λ1
2
(H†H)2 +
λ2
2
(∆†∆)2
+λ3(H
†H)(∆†∆) + λ4(H†τaH)(∆†Ta∆) + {λ5H3∆? + h.c.},
(5.2.1)
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SU(3)C × SU(2)L × U(1)Y
Matter
u
d

L
∼ (3, 2, 13 ), uR ∼ (3, 1, 43 ), dR ∼ (3, 1,− 23 )
νe
e

L
∼ (1, 2,−1), eR ∼ (1, 1,−2),

Σ++
Σ+
Σ0
 ∼ (1, 3, 2),

Σ¯0
Σ¯−
Σ¯−−
 ∼ (1, 3,−2)
Gauge Gµa,a=1−8, A
µ
i,i=1−3, B
µ
Higgs
H+
H0
 ∼ (1, 2, 1),

∆+++
∆++
∆+
∆0

∼ (1, 4, 3), S ∼ (1, 1, 0)
Table 5.1: Matter, gauge and Higgs contents of the model.
V (H,∆, S) = V (H,∆) + µ2SS
2 +
λ7
2
S4 + λ8(H
†H)S2
+λ9(∆
†∆)S2,
(5.2.2)
where τa and Ta are the generators of SU(2) in the doublet and four-plet representations, respectively.
As was shown in [615], even with positive µ∆2, due to the λ5 term in the potential, and the fields Σ and Σ¯,
the neutral component of ∆ acquires an induced VEV at the tree level, v∆ = −λ5v3H/M2∆, where 〈H〉 = vH/
√
2
is the usual EW VEV. This gives rise to effective dimension seven operator LLHH(H†H)/M3, and generate
tiny neutrino masses [615]. The additional singlet S that we have introduced gets no VEV (vs = 0) to keep the
Z2 symmetry intact. Hence, we impose the condition µ2S > 0.
The mass of the neutral member of the quadruplet is given by [339,615]
M2∆ = µ
2
∆ + λ3v
2
H +
3
4
λ4v
2
H , (5.2.3)
The mass splittings between the members of ∆ are given by
M2i = M
2
∆ − qi
λ4
4
v2H , (5.2.4)
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where qi is the (non-negative) electric charge of the respective field. The mass splittings are equally spaced and
there are two possible mass orderings. For λ4 positive, we have the ordering M∆+++ < M∆++ < M∆+ < M∆0
and for λ4 negative, we have the ordering M∆+++ > M∆++ > M∆+ > M∆0 .
Later, it will turn out that that the mass splitting ∆M plays an important role in the decays, specially that
of ∆++. So let us make some comments on the allowed vales of ∆M . As can be seen from the above equation,
this mass splitting is arbitrary depending on the value of λ4. however, as shown in [615], there is an upper limit
of 38 GeV on ∆M coming from the constraint on the ρ parameter. There is also a theoretical lower limit of 1.4
GeV on ∆M [615]. In our analysis in this paper, we satisfy both limits.
The gauge singlet scalar S which is odd under a Z2 symmetry provides with a simplest DM candidate which
has portal interactions with ∆ (through λ9) in addition to the SM Higgs (through λ8).
The SM scalar singlet S acquires mass through EW symmetry breaking as
M2S = µ
2
S + λ8v
2
H/2 (5.2.5)
Note here that µ2S > 0 implies following inequality
M2S > λ8v
2
H/2, or λ8 <
2M2S
v2H
(5.2.6)
Being singlet, the scalar-S does not couple to the SM gauge bosons at tree level. The Yukawa interactions
involving S and the SM fermions are also forbidden by the EW as well as Z2 symmetry.
We now address an important point regarding the stability of the DM particle S due to the added Z2
symmetry. It is well known that a discrete symmetry is vulnerable to Planck scale physics due to anomalies
unless it is of gauge origin, and satisfies the discrete anomaly-free conditions [334–336]. For example, in minimal
supersymmetric Standard Model (MSSM), we introduce the discrete symmetry, matter parity, PM which is of
gauge origin and satisfy the discrete anomaly conditions. This prevents the existence of dimension four baryon
and lepton number violating operators in the superpotential and guarantees the stability of stability of proton
(the proton decay is still possible through dimension five operator in MSSM, however the decay rate within the
limit of proton life time). Following the work of Ibanez and Ross [336], if the discrete symmetry is ZN , and qi
are the charges of the fermions of the theory under ZN should satisfy the following condition:
∑
i
q3i = mN + ηn
N3
8
(5.2.7)
where η = 0, 1 for N = even, odd respectively and m and n are integers. In our model, all the SM
particles are even under Z2, while the singlet scalar S is odd. Thus, the SM fermions present in the model
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(Q, ucL, d
c
L, L, e
c
L) have Z2 quantum numbers (1, 1, 1, 1, 1). We now show that our model satisfy the discrete
anomaly-free conditions. For the cubic Z32 anomaly, we find∑
i
q3i =
∑
i
(1)3 = 15 = 2m+ n (5.2.8)
using Eq.5.2.7 with m and n being integers. This is easily satisfied with for example, with m = 7 and n = 1.
For mixed gravitational anomaly, we get
∑
i
qi =
∑
i
(1) = 15 = 2p+ q (5.2.9)
where p, q are integers and once again can easily be satisfied with p = 7, q = 1. For mixed anomaly, for example,
Z2 − SU(2)− SU(2), we get
∑
doublet
q − i = 4(1) = 4 = 2r (5.2.10)
where r is an integer and is also easily satisfied. Thus our model satisfies all the anomaly free conditions for
the imposed Z2 symmetry to be of gauge origin leading to the stability of the DM.
5.3 Dark Matter Analysis
Scalar singlet extension of SM to accommodate DM through Higgs portal interaction is under tension as the
allowed region of relic density space has been ruled out to a very large DM mass excepting for the Higgs
resonance by non-observation in direct search experiment, especially the LUX data [327, 331]. Possibilities to
evade direct search bound for a DM component is an important question and present day DM research has to
answer to that query. Here we present one such phenomena that successfully demonstrates a case for scalar
singlet DM which can evade the direct search bound allowing the DM valid through a large region of parameter
space.
The scalar singlet S introduced here interacts with the scalar quadruplet ∆ and can annihilate through
SS → ∆0∆0,∆+∆−,∆++∆−−,∆+++∆−−− on top of annihilations to SM particles through Higgs portal
interactions. Relic density of the DM in the present universe is obtained by the annihilation cross-section of
the DM as
Ωh2 =
0.1pb
〈σv〉 . (5.3.11)
The thermally averaged annihilation cross-section 〈σv〉 can be written in terms of the usual cross-section as
〈σv〉ab→cd = Tgagb
2(2pi)4neqa n
eq
b
∫ ∞
s0
ds
λ(s,m2a,m
2
b)√
s
K1(
√
s
T
)σab→cd. (5.3.12)
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Here ga,b corresponds to the degrees of freedom of annihilating particles, K1(x) is the first Bessel function, s
corresponds to the center-of-mass energy available for the process with s0 = (ma +mb)2, T is the temperature
and λ(a, b, c) = (a2 + b2 + c2 − 2ab − 2bc − 2ca) 12 . neqa,b represents the equilibrium distributions of the DMs
annihilating, which we assume to be non-relativistic and given by
nX =
∫
gXd
3p
(2pi)32E
f˜X , n
eq
X =
∫
gXd
3p
(2pi)32E
f˜EQX , f˜
eq
X =
1
eE/T ± 1 (5.3.13)
In the following analysis, there are two major contributions to the annihilation cross-section of S as has
already been mentioned and can be written as
〈σv〉 = 〈σv〉SS→SM + 〈σv〉SS→∆∆ (5.3.14)
The first part of the cross-section is well known and the corresponding annihilation cross-sections to fermions,
gauge bosons and the the SM Higgs boson, h, and the singlet Higgs boson, S can be written as [327]
(σvrel)ss→ff =
1
4pis
√
s
Ncλ
2
8m
2
f
(s−m2h)2 +m2hΓ2h
(s− 4m2f )
3
2
(σvrel)ss→W+W− =
λ28
8pi
s
(s−m2h)2 +m2hΓ2h
(1 +
12m4W
s2
− 4m
2
W
s
)(1− 4m
2
W
s
)
1
2
(σvrel)ss→ZZ =
λ28
16pi
s
(s−m2h)2 +m2hΓ2h
(1 +
12m4Z
s2
− 4m
2
Z
s
)(1− 4m
2
Z
s
)
1
2
(σvrel)ss→hh =
λ28
16pis
[1 +
3m2h
(s−m2h)
− 4λ8v
2
(s− 2m2h)
]2(1− 4m
2
h
s
)
1
2 . (5.3.15)
Where Nc = 3 is the color factor for quark and Nc = 1 for leptons, mh = 125 GeV is the Higgs mass and Γh is
Higgs decay width at resonance (Γh→SM = 4.07 MeV). The cross-section to ss→ ∆∆ can be written as
(σvrel)ss→∆∆ =
4
√
s− 4m2∆
8pis
√
s
λ29 (5.3.16)
Where we assumed that the mass of all the charged and neutral components of ∆ have the same mass. The
upper limit on this mass splitting is 38 GeV [615]. The factor 4 is essentially indicating four different annihilations
SS → ∆0∆0,∆+∆−,∆++∆−−,∆+++∆−−− which contribute equally in absence of a mass difference between
them as we have assumed here.
We have inserted the model in micrOMEGAs [340] and scan over the DM parameter space. The relevant
parameter space of this model is spanned by the two mass parameters: the DM mass, Ms, the common
quadruplet mass, M∆, and the two couplings, the Higgs portal coupling λ8 and λ9, the one connecting DM and
quadruplet and are given by the set
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{Ms, M∆, λ8, λ9} (5.3.17)
In the following we vary the parameters given in Eq. 12.5.50 and find the allowed region of correct relic
abundance for the DM, S satisfying WMAP [329] constraint 1
0.094 ≤ ΩDMh2 ≤ 0.128 . (5.3.18)
In Fig. 5.1, we show the variation in relic density of S with respect to the DMmass for fixed value ofM∆ = 400
GeV on the left and 700 GeV on the right. The couplings λ8 = λ9 is varied in a long range and indicated through
different color codes as follows: {0.01 − 0.1}(Blue), {0.1 − 0.5}(Green), {0.5 − 1}(Purple), {1 − 2}(Orange).
The correct density as in Eq. 5.3.18 is indicated by the red horizontal lines.
Figure 5.1: Ωh2 versus Ms for different choices of λ8 = λ9 : {0.01 − 0.1}(Blue), {0.1 − 0.5}(Green), {0.5 −
1}(Purple), {1 − 2}(Orange). Left: M∆ = 400 GeV, Right: M∆ = 700 GeV are chosen for illustration. The
correct density is indicated through the red horizontal lines.
Next we turn to relic density allowed parameter space of the model. In the simplest scan as shown in Fig. 5.1,
the allowed region of parameter space can be depicted in Ms − λ8 plane with the assumption of λ8 = λ9 for
constant M∆. This is shown in Fig. 5.2 for fixed values of quadruplet mass as M∆ = 400 GeV on the left
and M∆ = 700 GeV on the right. We have chosen a value so that the chances of conflicting with direct LHC
search bound is less. Both in Fig. 5.1 and Fig. 5.2, we see a clear bump and a subsequent drop in relic density
for Ms > M∆ which is 400 GeV on the left and 700 GeV on the right. This is simply due to the additional
cross-section of SS → ∆∆.
1The range we use corresponds to the WMAP results; the PLANCK constraints 0.112 ≤ ΩDMh2 ≤ 0.128 [609], though more
stringent, do not lead to significant changes in the allowed regions of parameter space.
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Figure 5.2: Correct relic density region in Ms − λ8 plane. We have assumed λ8 = λ9 for simplicity here. In
the left we have fixed M∆ = 400 GeV, on the right: M∆ = 700 GeV chosen for illustration.
The situation gets even more interesting when we relax the condition imposed on couplings as λ8 = λ9
and vary them freely as independent parameters. We show such an example in Fig. 5.3 where we choose the
M∆ = 500 GeV for illustration and vary λ8 : {0.001 − 0.3} and λ9 : {0.01 − 2.0} independently. For showing
the annihilations SS → ∆∆, we highlight the region MS & M∆. In the top panel of Fig. 5.3, we show Ωh2
versus Ms for different choices of λ8 : {0.001−0.01}(Blue), {0.01−0.05}(Green), {0.05−0.1}(Purple), {0.1−
0.2}(Orange) while λ9 : {0.01 − 2.0} varies. Each range of chosen λ8 actually shows a larger spread as has
been pointed out in the bottom left panel, for example with λ8 : {0.001 − 0.01}. Evidently this is due to the
large variety of λ9 as chosen in the scan. Hence Ωh2 versus Ms with λ8 : {0.001 − 0.1} and different choices
of λ9 : {0.001− 0.1}(Purple), {0.1− 0.5}(Green), {0.5− 1}(Orange), {1− 2}(Brown) are pointed out in the
bottom right panel of Fig. 5.3. The correct density is indicated through the red horizontal lines.
Now we turn to relic density allowed parameter space in Ms − λ8 plane when λ8 : {0.001 − 0.3} and
λ9 : {0.01−2.0} are varied independently and M∆ = 500 GeV is chosen for illustration as shown in Fig. 5.4. As
is clear from the relic density plot, with a large variation in the SS −∆∆ coupling, the allowed plane becomes
much larger with even a very small value of λ8 ∼ 10−3. Different contributions of λ9 is shown in the right panel
of Fig. 5.4. The white blanks in between is due to the coarseness of the scanning done in the numerical analysis
and do not contain any physics. Similar feature will be observed with any other possible choice of M∆.
Next we turn to direct search constraint for the model. Here the direct detection occurs through Higgs
mediation as usual to Higgs portal DM as shown in Fig. 5.5 and the spin independent DM-nucleon cross-section
reads:
σnSI =
α2nµ
2
n
4pim2S
(5.3.19)
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Figure 5.3: Top: Ωh2 versusMs for different choices of λ8 : {0.001−0.01}(Blue), {0.01−0.05}(Green), {0.05−
0.1}(Purple), {0.1− 0.2}(Orange) while λ9 : {0.01− 2.0} varies. Bottom Left: Ωh2 versus Ms for λ8 : {0.001−
0.1}(Blue); Bottom right: Ωh2 versus Ms with λ8 : {0.001 − 0.1} and different choices of λ9 : {0.001 −
0.1}(Purple), {0.1−0.5}(Green), {0.5−1}(Orange), {1−2}(Brown). M∆ = 500 GeV is chosen for illustration.
The correct density is indicated through the red horizontal lines.
where the reduced mass µn = mnmSmn+mS is expressed in terms of nucleon mass mn, and the nucleon form factors
are given by:
αn = mn
∑
u,d,s
f
(n)
Tq
αq
mq
+
2
27
f
(n)
Tg
∑
q=c,t,b
αq
mq
= mn
∑
u,d,s
f
(n)
Tq
αq
mq
+
2
27
(1−
∑
u,d,s
f
(n)
Tq
)
∑
q=c,t,b
αq
mq
=
mnλi
m2h
[(f
(n)
Tu
+ f
(n)
Td
+ f
(n)
Ts
) +
2
9
(f
(n)
Tu
+ f
(n)
Td
+ f
(n)
Ts
)] (5.3.20)
Here n stands for both proton and neutron. For proton we choose : fpTu = 0.0153 , f
p
Td
= 0.0191 ,
fpTs = 0.0447 as the default values in micrOMEGAs.
It is of great importance to see what parameter space of the relic density allowed DM region of the scalar
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Figure 5.4: Left: Correct relic density region in Ms − λ8 plane when λ8 : {0.001− 0.3} and λ9 : {0.01− 2.0}
are varied independently. Right: We point out different ranges of λ9 : {0.1 − 0.2}(Purple), {0.2 −
0.3}(Orange), {0.3 − 0.4}(Green), {0.4 − 2.0}(Brown) in producing correct density in Ms − λ8 plane. We
choose the M∆ = 500 GeV for illustration and focus in MS &M∆.
Figure 5.5: Feynman diagram for direct detection of the DM.
DM model is allowed by the spin independent direct search constraints by XENON100 [332], and LUX [331]
data. This is what is presented in Fig. 5.6 first with the simplified case of λ8 = λ9.
The most important conclusion from the analysis comes out from the direct search results. From Fig. 5.6
we clearly see that the relic density allowed points of this model is allowed by the direct search constraint from
updated LUX data when Ms > M∆, with Ms starting from 400 GeV on the left panel and 700 GeV on the
right panel Fig. 5.6. This is simply because with additional annihilation cross-section the required coupling
to SM drops as shown in Fig 5.2 and hence the direct search cross-section also drops to keep the model alive.
The smaller the M∆, the larger is the allowed region. However, we have to abide by the constraints on the
168
Figure 5.6: Spin-independent DM-nucleon effective cross-section in terms of DM mass for the case of a fixed
M∆ = 400 GeV (top left) and 700 GeV (top right) for points with correct relic density with λ8 = λ9. XENON100,
LUX updated constraints as well as XENON 1T prediction is shown in the figure. Bottom: The case for single
component and two-component scalar singlet dark matter with Higgs portal interaction is shown.
quadruplet mass from collider search bounds and we cant keep it as low as we wish.
The situation is even better for the case when λ8 and λ9 are varied as uncorrelated parameters as shown in
Fig. 5.7 as illustration for the case with M∆ = 500 GeV. The green points which satisfy relic density for the
particular case as indicated in Fig. 5.4, has a reduced SM Higgs-portal coupling owing to the annihilations to
∆∆ that do not eventually contribute to direct search. Hence for Ms > M∆, as the figure indicate, the direct
search may get delayed till XENON1T. This is what makes the model alive for future direct search discoveries.
In summary the model is allowed by DM constraints in a large region of parameter space with relatively
higher values of DM mass, larger than the quadruplet mass.
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Figure 5.7: Spin-independent DM-nucleon effective cross-section in terms of DM mass for the case of a fixed
M∆ = 500 GeV when λ8 : {0.001− 0.3} and λ9 : {0.01− 2.0} are varied independently for points satisfying relic
density. XENON100, LUX updated constraints as well as XENON 1T prediction is shown in the figure.
5.4 Constraints from LHC
This model provides an interesting avenue to test the neutrino mass generation mechanism at the LHC. The pres-
ence of the isospin 3/2 scalar multiplet ∆ and a pair of vector-like fermions Σ can give rise to rich phenomenology
at the LHC. The detailed study of collider signatures has already been studied in early literature [341]. From
the dark matter perspective, which is main motivation of this work, the most important aspect is the limit on
the mass of ∆ from the latest LHC experimental results.
At the LHC, ∆±±±∆∓∓∓, ∆±±∆∓∓ and ∆±∆∓ are pair produced via the s-channel γ and Z exchanges,
while ∆±±±∆∓∓, ∆±±∆∓ and ∆±∆0 are pair produced via s-channel W± exchange as shown in the Fig. 5.8.
Figure 5.8: Feynman diagrams for production of doubly and triply charged scalars at LHC.
The production cross section of the doubly- and triply- charged scalars at the LHC for center-of-mass energy
√
s = 13 TeV is shown in Fig. 5.10 as a function of the mass parameter. For simplicity, we have taken the
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Figure 5.9: Feynman diagrams for decay of doubly- charged scalars.
masses of the quadruplets to be the same 1.
The model has been implemented in CalcHEP package [839]. For the production cross-section, we used
parton distribution function CT10 [343] from LHAPDF library [344] with the renormalization and factorization
scales being chosen to be the invariant mass of the constituent sub-process.
As mentioned before, our main objective in this collider analysis is to check what constraint the LHC
experiments put on the allowed mass of ∆ which satisfy the dark matter constraints. In our model, ∆±±, which
is a doubly charged scalar, has three major decay modes : ∆±± → l±l±,W±W±,∆±pi±. All of these modes
can give rise same sign dilepton in the final state for ∆±± production at LHC. 2
The ATLAS Collaboration has recently searched [815] for the doubly-charged Higgs boson in the same-sign
di-electrons invariant mass spectrum with luminosity 13.9 fb−1 at
√
S = 13 TeV. Their observed lower mass
limit for this doubly charged Higgs, assuming a 100% branching ratio to di-electrons, is 570 GeV, while the
observed lower mass limit, assuming a 50% branching ratio to di-electrons, is 530 GeV. Our model also must
comply with non-observation of excess in same sign dilepton search.
Hence, it is important to parametrise the branching fraction of the doubly charged scalar to be able to
1Constraints from the ρ parameter dictates the splitting to be < 38 GeV, and can be even smaller depending on the values of
λ4
2A fourth decay mode, to ∆±W ?
±
, or ∆±±±W ?
±
depending on whether the ∆±±± is the heaviest or lightest in the quadruplet
is possible, but its width is much smaller compared to the other three.
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Figure 5.10: Production cross-sections for triply and doubly charged scalars at the LHC (
√
S = 13 TeV) as a
function of M∆.
compute the same-sign dilepton final state signature arising from the pair production of ∆±± at LHC. We note
that the decay width for the decay mode ∆±± → l±l± is proportional to 1/v2∆, the decay width to W±W±
final state is proportional to v2∆, while the one to ∆
±pi± is independent of v∆, and proportional to (∆M)3. In
Fig. 5.11, we plot the relative branching ratios of ∆±± as a function of M∆ and v∆. As expected, for a very
small v∆, the decay to l±l± dominate, whereas for higher values of v∆, the mode ∆±pi± dominate.
We use the dedicated search by the ATLAS Collaboration [815] with luminosity 13.9 fb−1 at
√
S = 13 TeV,
for the doubly charged scalar di-electron resonance. Here, to put the most conservative bound on mass M∆, we
assume small value of v∆ (≈ 10−7 GeV) so that ∆±± mostly decays into l±l± with branching ratio nearly equal
to one. From our calculated productions cross sections for the doubly charged scalar, and the branching ratios
as shown in Fig 5.12, we obtain a most conservative lower limit of 324 GeV for the mass of ∆±±, assuming
a 100% (33.33%) branching ratio to l±l±(e±e±). Thus a large mass range of ∆ satisfying the dark matter
constraints are allowed by the latest LHC experimental search. We also note here, that with the assumption of
MS > M∆, the additional charged scalars do not decay to DM and hence the branching fractions do not get
altered.
5.5 Summary and Conclusions
In this work, we have analysed the possibility of having a viable DM as a EW scalar singlet S, that connects to
SM via Higgs portal coupling in a framework that also cater to neutrino mass generation through the presence
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Figure 5.11: Branching ratio (BR) for different decay modes of ∆±± as a function of M∆ for three different
values of v∆ : 10−7 GeV (Top Left), 10−6 GeV (Top Right) and 10−5 GeV (Bottom Left). Bottom Right:
Branching ratio (BR) for different decay modes of ∆±± as a function of v∆ considering neutral scalar mass 500
GeV and mass difference between two successive scalars ∆M = 1.6 GeV.
of a EW quadruplet, ∆, and two EW triplet leptons Σ and Σ¯. An unbroken Z2, under which S is odd, makes
the DM stable, while the rest are even. The DM phenomenology is shown to be crucially dictated by the
interaction of S with ∆ on top of the Higgs portal coupling that it posses. This is because of the additional
annihilation channels for the DM, S to ∆’s on top of SM particles whenever MS > M∆. In order to satisfy
relic density constraints, the coupling of S to the SM particles (Higgs-portal) is reduced compared to the case
when annihilations only to SM has to contribute to the whole DM relic density. As a result, direct detection
cross sections obtained for MS > M∆ satisfy the current LUX 2015 data for a large range of the DM parameter
space. There is some possibility that the level of direct detection cross section predicted by the model might be
within the reach of the XENON1T experiment, while it may go beyond as well.
This phenomena can be generalised by postulating whenever there is an additional channel for the DM to
annihilate, but that doesn’t give a contribution to direct search experiments for that DM, one can satisfy the
stringent direct search bounds coming from non-observations of DM in terrestrial experiments. The particular
example we have presented, has an additional motivation of explaining neutrino masses and the additional DM
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Figure 5.12: The model predicted, observed and expected 95% C.L. upper limits of the cross-section σ (pp
→ ∆±± → e±e±) as a function of ∆±± mass at √S = 13 TeV. The limit is derived under the assumption that
Br(∆±± → e±e±) = 33.33%. The red line under the light blue shaded region indicates the allowed mass region.
interaction naturally fits into the model framework with minimal assumptions.
The validity of the DM parameter space crucially depends on the mass required for the quadruplet ∆.
Therefore we attempted to evaluate the current bound on the mass of ∆ from the latest LHC data. This
methodology depends on the non-observation of a doubly charge scalar resonance decaying to same sign di-
electron. We did not attempt to evaluate the bounds on the DM from LHC search as the one from collider is
weaker than the one obtained from direct search.
To summarise the model is well motivated and has a rich phenomenology. It can be distinguished from the
usual Higgs portal DM models from direct search prospect and with reduced SM coupling can easily survive
LHC bounds. The model predicts signatures in leptonic final states at LHC through the productions of charged
scalars. If signals in dilepton, four lepton and signals with higher leptonic multiplicity is seen with higher
luminosity data, will indicate towards the existence of such framework.
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CHAPTER  VI
DARK NEUTRINO PORTAL TO EXPLAIN MINIBOONE EXCESS
6.1 Introduction:
Neutrinos have been connected to anomalies in experimental data since their commencement in the realm of 
Physics. From the problems with beta decays in the dawn of the XXth century, that culminated with the 
proposal and subsequent discovery of the first o f  t h ese r e markable p a rticles, t o  t h e s o lar a n d atmospheric 
neutrino puzzles, that revealed the phenomenon of neutrino oscillations driven by masses and mixings, the 
neutrino road has been full of surprises. Some, however, like the 17-keV neutrino [346] or the superluminal 
neutrinos [347] turned out to be mere bumps on the road as they were resolved by explanations unrelated 
to new physics. As it happens, one never knows which small clouds hovering on the horizon of Physics will 
eventually vanish and which will instead ignite a revolution.
Even today some peculiar data anomalies remain unsolved. On one hand, there is an apparent deficit o f νe
in short-baseline reactor experiments [348] and of νe in radioactive-source experiments [349], both amounting 
to a 2.5-3σ discrepancy that many believe may be connected to unknown nuclear physics. On the other hand, 
the LSND [350] and MiniBooNE neutrino experiments [351–354] have reported an excess of νe and νe charge-
current quasi-elastic (CCQE) events in their data. All these conundrums have been offered a number of exotic 
interpretations in the literature [355–359], typically invoking eV sterile neutrinos in schemes easily in tension 
with other neutrino data [360–362].
Recently, after 15 years of running, MiniBooNE updated their analysis revealing that the excess of electron-
like events in the experiment [363], consistently observed in the neutrino and antineutrino modes, is now a 4.8σ 
effect. That makes the MiniBooNE result the most statistically relevant anomaly in the neutrino sector. The 
origin of such excess is unclear – it could be the presence of new physics, or a large background mismodeling. 
In this Letter we propose a phenomenological solution to understand the MiniBooNE data 2.
2In principle, the mechanism proposed here could provide an explanation of the LSND anomaly. As we will show, the MiniBooNE
excess in our framework is induced by a novel neutral current scattering in which neutrinos up-scatter to heavy neutrinos followed
by their decays to a collimated e+e− pair. Such scattering could kick out a neutron from Carbon in LSND, and thus provide the
key signature in inverse beta decay. However, a reliable analysis of LSND would require detailed experimental information and is
beyond the scope of this manuscript.
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6.2 Framework:
We introduce a new sector dark 1 composed by a new vector boson, ZD, coupling directly solely to a dark
neutrino, νD, which mixes with the standard ones as
να =
3∑
i=1
Uαi νi + Uα4ND , α = e, µ, τ,D, (6.2.1)
where νi and να are the neutrinos mass and flavor eigenstates, respectively. The new vector boson will, in
general, communicate with the Standard Model (SM) sector via either mass mixing or kinetic mixing. The
relevant part of the dark Lagrangian is
LD ⊃
m2ZD
2
ZDµZ
µ
D + gDZ
µ
D νDγµνD + eZ
µ
D J
em
µ +
g
cW
′ ZµD J
Z
µ , (6.2.2)
where mZD is the mass of ZD and gD is the coupling in the dark sector, e is the electromagnetic coupling,
g/cW is the Z coupling in the SM, while  and ′ parametrize the kinetic and mass mixings, respectively. The
electromagnetic and Z currents are denoted by Jemµ and JZµ . For simplicity, we assume the mass mixing between
the Z and the ZD boson to be negligible. We resort to kinetic mixing between Bµν and B′µν [371], the SM
hypercharge and the dark field strengths, as a way to achieve a naturally small coupling between the ZD and
the electromagnetic current Jemµ . We will take mND > mZD , so the dark neutrino can decay as ND → ZD + νi,
and mZD < 2mµ so the ZD can only decay to electrons and light neutrinos. The dark neutrino decay width
into ZD + ν′s is simply
ΓND→ZD+ν′s =
αD
2
|UD4|2(1− |UD4|2)
m3ND
m2ZD
(
1− m
2
ZD
m2ND
)(
1 +
m2ZD
m2ND
− 2m
4
ZD
m4ND
)
, (6.2.3)
while the ZD decay width into e+e− and light neutrinos are, respectively,
ΓZD→e+e− ≈
α 2
3
mZD , (6.2.4)
and
ΓZD→νν =
αD
3
(
1− |UD4|2
)2
mZD . (6.2.5)
We observe that as long as α2  αD(1− |UD4|2)2, ZD will mainly decay into e+e− pairs.
For simplicity, we focus on the case in which both ND and ZD decay promptly. Taking the typical energy
END , EZD ∼ 1 GeV, and assuming for simplicity |Ue4|2, |Uτ4|2  |Uµ4|2, we can estimate γ c τND ≈ 4 ×
10−8m2ZD [MeV
2]/(m4ND [MeV
4]αD |Uµ4|2) cm and γ c τZD ≈ 6× 10−8/(m2ZD [MeV2]α2) cm. So for αD ∼ 0.25,
|Uµ4|2 ∼ 10−8 and α2 ∼ 2 × 10−10, 5 MeV . mZD < mND would guarantee prompt decay for both particles.
We will see shortly that mND and mZD between a few tens to a few hundreds of MeV is exactly what is needed
to explain the experimental data.
1To avoid confusion with the vast literature on sterile neutrino models and numerous variants (see e.g. Refs. [364–368,482,579]),
we refer to particles in this sector as dark.
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Figure 6.1: Contributions to the cross section that in our model gives rise to MiniBooNE’s excess of electron-
like events.
6.3 Analysis and results:
The MiniBooNE experiment is a pure mineral oil (CH2) detector located at the Booster Neutrino Beam line at
Fermilab. The Cherenkov and scintillation light emitted by charged particles traversing the detector are used
for particle identification and neutrino energy reconstruction, assuming the kinematics of CCQE scattering.
MiniBooNE has observed an excess of 381±85.2 (79.3±28.6) electron-like events over the estimated background
in neutrino (antineutrino) beam configuration in the energy range 200 < Erecν /MeV < 1250 corresponding to
12.84× 1020 (11.27× 1020) protons on target [363].
Our proposal to explain MiniBooNE’s low energy excess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a collimated e+e− pair from a single electron. Muon
neutrinos produced in the beam would up-scatter on the mineral oil to dark neutrinos, which will subsequently
lead to ZD → e+e− as shown schematically in Fig. 6.1. If ND is light enough, this up-scattering in CH2 can be
coherent, enhancing the cross section. To take that into account, we estimate the up-scattering cross section to
be
dσtotal/dEr
proton
=
1
8
F 2(Er)
dσcohC
dEr
+
(
1− 6
8
F 2(Er)
)
dσp
dEr
, (6.3.6)
where F (Er) is the nuclear form factor [372] for Carbon, while σcohC and σp are the elastic scattering cross
sections on Carbon and protons, which can be easily calculated. For Carbon, F (Er) is sizable up to proton
recoil energies of few MeV.
To obtain the spectrum of events, a simplified model was implemented in FeynRules [560] in which Carbon
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and protons were taken to be an elementary fermion and events were generated in MadGraph5 [561]. Since
MiniBooNE would interpret ZD → e+e− decays as electron-like events, the reconstructed neutrino energy would
be incorrectly inferred by the approximate CCQE formula (see e.g. Ref. [375])
Erecν '
mpEZD
mp − EZD (1− cos θZD )
, (6.3.7)
where mp is the proton mass, and EZD and θZD are the dark ZD boson energy and its direction relative to the
beam line. The fit to MiniBooNE data was then performed using the χ2 function from the collaboration official
data release [363], which includes the νµ and ν¯µ disappearance data, re-weighting the Montecarlo events by the
ratio of our cross section to the standard CCQE one, and taking into account the wrong sign contamination
from Ref. [376]. Note that the official covariance matrix includes spectral data in electron-like and muon-like
events for both neutrino and antineutrino modes.
In Fig. 6.2 we can see the electron-like event distributions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected in all of them. The neutrino (antineutrino) mode data
as a function of Erecν is displayed on the top (middle) panel. The corresponding predictions of our model, for
the benchmark point mND = 420 MeV, mZD = 30 MeV, |Uµ4|2 = 9 × 10−7, αD = 0.25 and α2 = 2 × 10−10,
are depicted as the blue lines. The light blue band reflects an approximated systematic uncertainty from the
background estimated from Table I of Ref. [363]. On the bottom panel we show the cos θ distribution of the
electron-like candidates for the neutrino data, as well as the distribution for cos θZD for the benchmark point
(blue line). The cos θ distribution of the electron-like candidates in the antineutrino data is similar and not
shown here and our model is able to describe it comparably well. We remark that our model prediction is in
extremely good agreement with the experimental data. In particular, our fit to the data is better than the fit
under the electronVolt sterile neutrino oscillation hypothesis [363] if one considers the constraints from other
oscillation experiments. We find a best fit with χ2bf/dof = 33.2/36, while the background only hypothesis yields
χ2bg/dof = 63.8/38, corresponding to a 5.2σ preference for our model.
In our framework, as the dark boson decays dominantly to charged fermions, the constraints on its mass and
kinetic mixing are essentially those from a dark photon [457]. In the mass range 20 ∼ 60 MeV, the experiments
that dominate the phenomenology are beam dump experiments and NA48/2. Regarding the dark neutrino, the
constraints are similar but weaker than in the heavy sterile neutrino scenario with non-zero |Uµ4|2 [477, 575].
Since ND → νe+e− is prompt, limits from fixed target experiments like PS191 [380], NuTeV [366], BEBC [381],
FMMF [382] and CHARM II [383] do not apply. Besides, W → `N → `νe+e− in high energy colliders can
constrain |Uµ4|2 > few × 10−5 for mND > O(GeV) [579]. Finally, we do not expect any significant constraints
from the MiniBooNE beam dump run [384] due to low statistics.
In Fig. 6.3 we see the region in the plane |Uµ4|2 versus mND consistent with MiniBooNE data at 1σ to 5σ
178
�
�
�
�
�
�
���
���/�
��
�������� ����
��� ��� ��� ��� ���� ���� �������
���
���
���
���
���
���
���
������������� �������� ������ �� ���
���
���/�
��
������������ ����
-��� -��� ��� ��� ����
���
���
���
���
����
����
��� θ
���
���
���� (����� ����)----������ ���■■■■■■■■ ν� ���� μ+/-■■■■■■■■ ν� ���� �+/-■■■■■■■■ ν� ���� ��
■■■■■■■■ π� �����■■■■■■■■ Δ→�γ■■■■■■■■ ����■■■■■■■■ �����
Figure 6.2: The MiniBooNE electron-like event data [363] in the neutrino (top panel) and antineutrino
(middle panel) modes as a function of Erecν , as well as the cos θ distribution (bottom panel) for the neutrino
data. Note that the data points have only statistical uncertainties, while the systematic uncertainties from the
background are encoded in the light blue band.. The predictions of our benchmark point mND = 420 MeV,
mZD = 30 MeV, |Uµ4|2 = 9× 10−7, αD = 0.25 and α 2 = 2× 10−10 are also shown as the blue lines.
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CL, for the exemplifying hypothesis mZD = 30 MeV, αZD = 0.25 and α2 = 2 × 10−10. Other values of these
parameters can also provide good agreement with the data. We also show the combined non-oscillation bounds
from meson decays, muon decay Michel spectrum and lepton universality compiled in Refs. [477, 575], which
exclude the region above the red line. The ship hull shape region can be divided in two parts: a high mixing
region at |Uµ4|2 ∼ 10−4 − 10−8, corresponding to mND & 300 MeV, and a low mixing region for |Uµ4|2 . 10−8
and mND . 200 MeV. The latter seems to be favored by spectral data. As a side remark, we have checked
that the typical opening angle θe+e− of the e+e− pair satisfy cos θe+e− > 0.99, ensuring that MiniBooNE will
identify these events as electron-like.
The MicroBooNE experiment at Fermilab [385] is currently investigating the low energy excess of electron-
like events observed by MiniBooNE. They can distinguish electrons from photon conversions into a e+e− pair
by their different ionization rate at the beginning of their trajectory in the liquid argon detector. In addition
our framework allows for the possibility of the experimental observation of the KL → νDνD, via off-shell ZD
exchange, by the KOTO or NA62 experiments as B(KL → νDνD) can go up to O(10−10) for mND < mK [386].
We also have inquired into the possible effects of ND and ZD on oscillation experiments. While low energy
sources, such as the sun or nuclear reactors, do not have enough energy to produce these particles, they could
be, in principle, produced in higher energy oscillation experiments. Typically νµ and νµ beams in accelerator
neutrino experiments have an insurmountable O(1%) contamination of νe+νe, and atmospheric neutrinos have
a large νe and νe component. While Cherenkov detectors, like Super-Kamiokande, cannot distinguish between
electrons and photons, detectors like MINOS, NOνA or T2K would have a hard time to see any signal over
their neutral current contamination. That is particularly relevant at lower energies where one would expect the
signal of new physics to lay.
In a different note, we do not foresee any issues with cosmological data, as the particles in the dark sector
decay too fast to affect Big Bang Nucleosynthesis, and the ν−ν self-interactions are too small to change neutrino
free streaming. Supernova cooling would not constrain the model, as the ZD is trapped due to the large kinetic
mixing.
Finally, one may wonder if the phenomenological approach we propose here can arise in a UV-complete
anomaly free model. We have checked that such realization is possible as follows. A gauge U(1)D symmetry,
under which the only charged fermions are the dark neutrinos, protects neutrino masses from the standard Higgs
mechanism. An enlarged scalar sector is called upon to ensure non-zero neutrino masses, naturally leading to
ν−ND mixing, as well as the mass of the dark gauge boson. In this realization, both kinetic and mass mixing are
unavoidable, but typically small. The model naturally connects neutrino masses with the new interaction [387].
We will explore the rich phenomenology of this model in detail elsewhere.
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Figure 6.3: Region of our model in the |Uµ4|2 versus mND plane satisfying MiniBooNE data at 1σ to 5σ
CL, for the hypothesis mZD = 30 MeV, αZD = 0.25 and α2 = 2 × 10−10. The region above the red curve is
excluded at 99% CL by meson decays, the muon decay Michel spectrum and lepton universality [477,575].
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6.4 Conclusion:
We have shown that the low energy excess observed by MiniBooNE can by explained by a light dark sector
to which neutrinos are a portal. The framework is elegant and no tuning is needed to fit the excess. We find
an excellent agreement with spectral and angular data distributions, in both neutrino and antineutrino modes.
This solution is consistent with all current experimental data and can be probed by Liquid Argon detectors in
the near future.
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CHAPTER  VII
DISPLACED VERTEX SIGNATURE OF TYPE-I SEESAW
7.1 Introduction
The last missing piece of the Standard Model (SM) is finally supplemented with the discovery of the Higgs boson 
at the Large Hadron Collider (LHC) in 2012 [726, 727], which itself is not that surprising given the tremendous 
success of the SM to explain observed elementary particle phenomena. However, the SM is not complete in its 
current form, because, for example, the neutrinos are massless in the framework which is not consistent with 
the experimental evidence of the neutrino oscillation phenomena [623], indicating that the neutrinos have tiny 
non-zero masses and flavor m i xings. H ence, w e n eed t o e xtend t he c urrent f ramework o f t he SM.
Unfortunately, ever since the discovery of the SM Higgs boson, no new signature of new physics beyond the 
SM has been observed. It may indicate that the current energy and luminosity of the LHC are not sufficient 
to directly probe new particles. If so, we can just hope for new particle signals to be observed at the future 
LHC after the planned upgrade, or at a future collider with energies higher than the LHC. However, there 
is another possibility: if new particles are completely singlet under the SM gauge group, it can naturally 
explain the null search results at the LHC because SM singlet particles cannot be directly produced at the LHC 
through the SM interactions. Such particles may be produced through new interactions and/or rare decay of 
the SM particles. At a first g l ance, i t  s e ems t h at s u ch a  s c enario i s  e ven m o re c h allenging t o  t  e st. However, 
if a new particle is long-lived, it can leave a displaced vertex signature at the collider experiments. Since the 
displaced vertex signatures are generally very clean, they allow us to search for such a particle with only a 
few events at the LHC or future colliders. For the current status of displaced vertex searches at the LHC, see, 
for example, Refs. [391–408]. The search reach will be dramatically improved in the future planned/proposed 
experiments, such as the High-Luminosity LHC (HL-LHC), the MATHUSLA [409], the Large Hadron electron 
Collider (LHeC) [544] and the the Future Circular electron-hadron Colliders (FCC-eh) [411].
In this paper, we first r e view t h e c u rrent t h eoretical a n d e x perimental s t udies f o cusing o n  t h e displaced 
vertex searches at the future collider experiments and express their results in a model independent form. As a
concrete example, we consider a well-motivated simple extension of the SM, namely the minimal B −L (baryon
minus lepton number) model [412–417], where the global B − L symmetry in the SM is promoted to the gauge
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symmetry. A minimal B−L model includes an additional electrically neutral gauge boson (Z ′ boson) as well as
a B−L Higgs boson which breaks the B − L symmetry. In addition, the model also includes three right-handed
neutrinos (RHNs) to cancel all the gauge and mixed-gravitational anomalies. After theB−L symmetry breaking,
the RHNs acquire Majorana masses, and the tiny neutrinos masses are automatically generated through the so-
called type-I seesaw mechanism [419–423,610] after the electro-weak symmetry breaking. In this model context,
we investigate the displaced vertex signature of the Majorana RHNs at the future high energy colliders through
the production of the SM and the B − L Higgs bosons and their subsequent decays into RHNs.1 Since the
Majorana RHNs decay into the SM particles through small light-heavy neutrino mixings from type-I seesaw,
the RHNs are likely to be long-lived.2
This paper is organized as follows. In Sec. 12.2, we review the prospect of the search reach of displaced
vertex signatures at the future high energy colliders. Employing the (2σ) search reach of the displaced vertex
signatures obtained in various analysis, we present a model-independent formula for the search reach in terms
of the production cross section of a long-lived particle as a function of its lifetime, mass and its mother particle
mass whose decay products are the long-lived particle. In Sec. 12.4, we give a review on the minimal B − L
extended SM. In Sec. 9.4, we consider the pair production of RHNs through the production of the Higgs bosons
and their subsequent decays into RHNs. We apply the best reach values for the production cross section obtained
in Sec. 12.2 to the RHNs production, assuming a suitable lifetime of the RHNs. For benchmark mass values
of the B − L Higgs boson and RHNs, we determine the corresponding parameter space for RHNs Majorana
Yukawa couplings and a mixing between the SM and the B − L Higgs bosons. In Sec. 7.5, we calculate the
lifetime of the RHNs for realistic parameters to reproduce the neutrino oscillation data. Using this realistic
value for the lifetime, we repeat the analysis in Sec. 9.4 to determine the parameter space corresponding to the
search reach. In Sec. 7.6 we discuss the correlation between the displaced vertex search and the search limit of
the future neutrinoless double beta-decay experiments. Sec. 7.7 is devoted to conclusions.
7.2 Displaced vertex search at the future colliders
An electrically neutral particle with a sufficiently long lifetime (for example, its decay length is of O(1 mm) or
larger), once produced at the colliders, displays a signature of the displaced vertex, namely the vertex created
by the decay of the particles is located away from the collision point where the particle is produced. The final
state charged leptons and/or jets from a displaced vertex can be reconstructed by a dedicated displaced vertex
1The collider signatures pertaining to the RHNs pair production through the production of the Z′ boson and the Higgs bosons
and their subsequent decays into RHNs have been studied before in the literature [424–438,440,441,503].
2One can also consider a displaced vertex signature from RHN decay in type-III seesaw scenario [442].
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analysis. Since displaced vertex signatures from SM particles are very well understood, the signature from a
new long-lived particle can be easily distinguished, making it a powerful probe to discover such particles.
Let us first review the search reach of displaced vertex signatures at the future colliders which have been
investigated in Refs. [409, 443, 444]. In Refs. [409, 443], the authors have proposed the MATHUSLA detector
which is specifically designed to explore the long lifetime frontier; the plan is to build a detector on the ground,
about 100 m away from the HL-LHC detector. The authors have also considered displaced vertex using the
inner-detector of the HL-LHC. Similarly, in the Ref. [444], the authors have studied the prospect of a dedicated
displaced vertex search at the future electron-proton colliders, such as the LHeC and the FCC-eh. In their
analysis, they consider a pair production of a long-lived particle “X" created from the rare decay of the SM
Higgs boson. They have shown the search reach for the branching ratio of the SM Higgs boson to a pair of X
particles as a function of X particle’s decay length (cτ) ranging from sub-millimeter to 107 m.
Figure 7.1: The plot shows the discovery reach for a dedicated displaced vertex searches at the future ex-
periments and newly proposed extensions to the current LHC experiment. The lines corresponds to the total
production cross section to produce a pair of “X” particles in the final states as a function of the X particle
decay length, where the mass of the X particle and its mother-particle are fixed to be 20 GeV and 125 GeV,
respectively. The region above the dashed (solid) line corresponds to the search reach at the HL-LHC and the
MATHUSLA experiements. The dotted curved lines correspond to the search reach of the various proposed
electron-proton collider upgrade of HL-LHC.
We first summarize the results in Refs. [409, 443, 444] in Fig. 7.1. Here, for a fixed mass of the X particle
(mX = 20 GeV), we show the search reach for the X particle pair production cross section (σXX) at the future
colliders as a function of the lifetime of X particle cτ . The dashed and solid lines show the search reach for
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the displaced vertex signatures at the HL-LHC and the MATHUSLA experiments, respectively, with a 3 ab−1
luminosity. The dotted lines (almost degenerate) correspond to the discovery reach at the FCC-eh with a 3
ab−1 with electron beam energies of 60 GeV (top) and the LHeC with a 1 ab−1 (bottom).
Figure 7.2: The search reach of the displaced vertex signatures at the HL-LHC (dashed lines in Fig. 7.1) for
mS = 50 (solid), 125 (dashed) and 400 (dot-dashed) GeV with mX = 20 GeV. We have employed Eq. (7.2.2) to
plot the lines for mS = 50 and 400 GeV, based on the dashed line for mS = 125 GeV.
In Fig. 7.1, the process pp/ep → h → XX is considered. We generalize the process to pp/ep → S → XX,
where the mother-particle (S) is a boson, but not the SM Higgs boson, with a mass mS . In order to make
the results in Fig. 7.1 to applicable to this general case, note that the search reach shown in Fig. 7.1 is model-
independent if the curves are plotted as a function of the lifetime of X in the laboratory frame. For the process
pp/ep→ h→ XX, the lifetime of the particle X in the laboratory frame (τ ′) is given by its proper lifetime (τ)
as
τ ′ =
(
mh
2mX
)
τ, (7.2.1)
because of the Lorentz boost. We then express the search reach of the cross sections in Fig. 7.1 as σXX(cτ) =
σXX
(
2mX
mh
cτ ′
)
. The model-independent search reach can be obtained as a function of cτ ′ for the fixed values
of mh = 125 GeV and mX = 20 GeV. Now it is easy to convert the search reach results in Fig. 7.1 to our general
case:
σ(pp/ep→ S → XX) = σXX
(
cτ × mS
125 GeV
× 20 GeV
mX
)
, (7.2.2)
where σXX(cτ) represents different curves shown in Fig. 7.1. Hence, depending on the choice of masses for mS
and mX , the curves shown in Fig. 7.1 shifts either to the left or to the right. In Ref. [443], the search reach
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of the cross sections are shown for three benchmark values of mX = 5, 20 and 40 GeV. We have checked that
our formula of Eq. (7.2.2) can reproduce the results for mX = 5 and 40 GeV in Ref. [443] from the result for
mX = 20 GeV. In Fig. 7.2, we show the search reach at the HL-LHC for mS = 50 GeV (solid line) and mS = 400
GeV (dot-dashed line) by employing the result for mS = 125 GeV (dashed line) and Eq. (7.2.2). Here, we have
fixed mX = 20 GeV. As we raise/lower mS for mX = 20 GeV, the line shifts to the left/right, since the created
X particle is more/less boosted. In the following, we employ the generalized formula to investigate the search
reach of long-lived RHNs at the future high energy colliders.
7.3 The minimal B − L extended Standard Model
SU(3)c SU(2)L U(1)Y U(1)B−L
qiL 3 2 +1/6 +1/3
uiR 3 1 +2/3 +1/3
diR 3 1 −1/3 +1/3
`iL 1 2 −1/2 −1
N iR 1 1 0 −1
eiR 1 1 −1 −1
H 1 2 −1/2 0
ϕ 1 1 0 +2
Table 7.1: Particle content of the minimal B − L model. In addition to the SM particle content, three RHNs
(N iR, i = 1, 2, 3 denotes the generation index) and a complex scalar (ϕ) are introduced.
Here we review the minimal B − L extended SM (the minimal B − L model). The particle content of the
model is listed in Table 1. In this model, the global B − L symmetry in the SM is gauged, and in addition to
the SM particle content, three RHNs and a complex scalar (B−L Higgs field) are introduced. While the B−L
Higgs field spontaneously breaks the B−L symmetry by its vacuum expectation value (VEV), the three RHNs
are necessary to cancel all the gauge and mixed-gravitational anomalies.
The Yukawa sector of the SM is extended to include
LY ⊃ −
3∑
i,j=1
Y ijD `
i
LHN
j
R −
1
2
3∑
k=1
Y kNΦN
k c
R N
k
R + h.c., (7.3.3)
where the first and second terms are the Dirac and Majorana Yukawa couplings. Here, we work on a diagonal
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basis for the Majorana Yukawa couplings (YN ) without loss of generality. Associated with the B − L gauge
symmetry breaking, the B − L gauge boson (Z ′ boson) and the RHNs acquire their masses as follows:
mZ′ = 2 g vBL, mNi =
Y iN√
2
vΦ, (7.3.4)
where vBL =
√
2〈ϕ〉 is the VEV of the B − L Higgs field.
A renormalizable scalar potential for the B − L Higgs field (ϕ) and the SM Higgs doublet (H) is given by
V (|H|, |ϕ|) = λ
(
|ϕ|2 − v
2
BL
2
)2
+ λH
(
|H|2 − v
2
SM
2
)2
+ λ′
(
|H|2 − v
2
SM
2
)(
|ϕ|2 − v
2
BL
2
)
, (7.3.5)
where vSM = 246 GeV is the VEV of the SM Higgs doublet, and we take λ′ > 0 which introduces a mixing
between the two scalar fields. In the unitary gauge, we expand the SM and B − L Higgs fields around their
VEVs, 〈H〉 = ( vSM√
2
0)T and 〈ϕ〉 = vBL/
√
2, to identify φSM and φBL being the SM and the B − L Higgs
bosons in the original basis. The mass matrix for the Higgs bosons is given by
L ⊃ −1
2
[
φSM φBL
] m2H λ′vBLvSM
λ′vBLvSM m2ϕ

φSM
φBL
 , (7.3.6)
where mH =
√
2λHvSM , and m2ϕ = 2λv2BL. We diagonalize the mass matrix byφSM
φBL
 =
 cos θ sin θ
− sin θ cos θ

h
φ
 , (7.3.7)
where h and φ are the mass eigenstates. The relations among the mass parameters and the mixing angle (θ)
are the following:
2vBLvSMλ
′ = (m2H −m2ϕ) tan 2θ,
m2h = m
2
H −
(
m2ϕ −m2H
)
sin2 θ
1−2 sin2 θ ,
m2φ = m
2
ϕ +
(
m2ϕ −m2H
)
sin2 θ
1−2 sin2 θ . (7.3.8)
The properties of the Higgs boson measured at the LHC are consistent with the SM predictions, so that the
mixing angle θ must be small. In this case, we identify the mass eigenstates h ' φSM and φ ' φBL as mostly
the SM and B − L Higgs bosons with masses mh ' mH and mϕ ' mφ, respectively. We set mH = 125 GeV
in the following. For completeness, we show in Fig. ?? the relation between mϕ and sin θ for a fixed vϕ = 200
GeV and various values of λ′. As can be understood from the first line in Eq. (7.3.8), mH = mφ is a singular
point where the mixing becomes large.
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Figure 7.3: The mixing angle as a function of mϕ for vBL = 200 GeV and various values of λ′. The solid lines
from top to bottom corresponds to λ′ = 10−1, 10−1, 10−2, 10−3, and 10−4.
7.4 Displaced vertex signature of heavy neutrinos
Let us now consider the displaced vertex signatures of the heavy neutrinos N i in the minimal B − L model.1.
For the main process for a pair production of Ni, we can consider two cases: one is through the Z ′ boson
production [?,?,?] and its decay to Nis, and the other is through the production of the Higgs bosons (h and
φ) and their decays.2 The LHC results on the search for the Z ′ boson resonance of the minimal B − L model
severely constrain the B − L gauge coupling to be very small (see, for example, Ref. [449]), so that the heavy
neutrino production cross section from the Z ′ boson decay is expected to be small. Hence, we focus on the
heavy neutrino production through the Higgs bosons in this paper3.
Because of its representation under the gauge groups, φBL has no tree level coupling with the SM particles at
the renormalizable level, and hence it cannot be directly produced at the high colliders. However, as described
in Eqs. (7.3.7) and (7.3.8), the mass eigenstates are mixture of φBL and φSM and through the mixing, the Higgs
boson φ can be produced through the same process as the SM Higgs boson. At the LHC, among a variety of the
production processes of the SM Higgs boson, such as gluon-gluon fusion (ggF), vector boson fusion (VBF), and
1See [437] for the previous work on the displaced vertex signature of the heavy neutrinos at the LHC in the context of the
minimal B − L model
2Without the interactions through the Z′ boson and the Higgs boson, the heavy neutrinos can be produced through the heavy-
light neutrino mixings. The study of the displaced vertex signature for this case, see, for example, Refs. [445–447]
3In our work, we focus on production of heavy RHNs with mass greater than 20 GeV, see also Ref. []. The case for the production
of RHNs of masses less than 10 GeV has been recently considered in Ref. [448], where the authors have considered MATHUSLA,
FASER and CODEX-b collider experiments
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Figure 7.4: The B − L Higgs production cross section at the 13 TeV LHC in (mφ, sin2 θ)-plane, along with
the upper bounds on sin2 θ from the LEP and the LHC experiments. The region above the dashed curve is
excluded by the LEP experiments, while the gray shaded region is excluded by the LHC experiments.
the productions associated with W/Z bosons (V h) and with tt¯ (tt¯h), the ggF channel dominates the production
cross section.1 For a small mixing, the production cross section of the SM-like Higgs boson (h) is given by
σ(pp→ h) = cos2 θ × σh(mh), (7.4.9)
where σh(mh) is the SM Higgs boson production cross section with the Higgs boson mass of mh = 125 GeV. In
the limit of θ → 0, σ(pp→ h) reduces to the SM case. Similarly, the production cross section for the B−L-like
Higgs boson (φ) is expressed as
σ(pp→ φ) = sin2 θ × σh(mφ), (7.4.10)
where σh(mφ) is the SM Higgs boson production cross section if the Higgs boson mass were mφ As discussed
before, we are interested in a small mixing, and hence for the remainder of this paper, we shall simply refer to
the mass eigenstates h and φ as the SM(-like) Higgs boson and the B − L Higgs, respectively.
Using Eq. (7.4.10), we show in Fig. 7.4 the contour plot for the production cross section of φ at the 13 TeV
LHC (σ(pp→ φ)) in the (mφ, sin2 θ)-plane. Here, we also show the constraint obtained by the LEP experiments
on the search for the SM Higgs boson through its production associated with the Z boson [452]. For a given
1At the 13 TeV LHC, the SM Higgs boson with mass of around 125 GeV, the Higgs boson production cross sections through
these channels are evaluated as [450,451]: σggFh = 43.92 pb, σ
V BF
h = 3.748 pb, σ
Wh
h = 1.38 pb, σ
Zh
h = 0.869 pb, and σ
tt¯h
h = 508.5
fb.
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Higgs boson mass, no evidence of the SM Higgs boson production sets an upper bound on the Z-boson associate
production cross section, which is interpreted to be an upper bound on the anomalous SM Higgs coupling with
Z boson as a function of the Higgs boson mass. In our model, this upper bound is interpreted as an upper
bound on sin θ as a function of mφ, which is shown as the dashed curve in Fig. 7.4. The gray shaded region in
the figure is excluded by the current measurement of the SM Higgs boson properties by the ATLAS and CMS
collaborations. The Higgs boson properties are characterized by the signal strengths defined as
µif =
σi ·BRf
(σi)SM · (BRf )SM = µ
i · µf , (7.4.11)
where σi are the Higgs boson production cross sections through i-channel with i = ggF, V BF, Wh, Zh, tt¯h, and
BRf are the Higgs boson branching ratios into final states f = ZZ?, WW ?, γγ, τ+τ−, bb¯, µ+µ−. The cross
sections and branching ratios with the subscript “SM ” denote the SM predictions. The latest updates of the
signal strengths from the ATLAS and the CMS experiments at the LHC Run II with a 37 fb−1 luminosity are
listed in Refs. [451,742], along with the references. The averaged signal strength is obtained as µ ' 0.925±0.134,
which is consistent with the SM prediction µ = 1. In our model, the couplings of the SM-like Higgs boson is
modified by a factor cos θ from the SM case. Hence, the production cross section of h is scaled by cos2 θ while its
branching ratios remain the same as the SM one. Therefore, the signal strengths are given by µif = cos
2 θ×µf .
In anticipation of the analysis presented below, we also consider the constraint from the invisible SM Higgs
decay modes, and the current upper bound on the branching ratio of the Higgs invisible decay mode is given
by BRhiggsinv < 0.23 [454]. Together with the averaged signal strength, we obtain an upper bound on the mixing
angle as sin2 θ ≤ 0.12 at 95% C.L and the excluded region is depicted by the gray shaded region in Fig.7.4.
Hence, for the entire range of mφ shown in the figure, the mixing angle is small.
We now consider the decay of the Higgs bosons. In the presence of the mixing, the total decay width of the
SM-like Higgs and the B − L Higgs into the SM final states are given by
Γ(h→ SM) = cos2 θ × ΓSM (mh),
Γ(φ→ SM) = sin2 θ × ΓSM (mφ), (7.4.12)
respectively, where ΓSM (M) is the total decay width of the SM Higgs boson if the SM Higgs mass were M .
The list of the partial decay widths of the SM-like Higgs boson is given in the Appendix. In Fig. 7.5 we show
the total decay width ΓSM (mH) as a function mH . The partial decay widths of φ and h into a pair of heavy
neutrinos are given by
Γ(φ→ NN) = cos2 θ × ΓNN (mφ),
Γ(h→ NN) = sin2 θ × ΓNN (mh), (7.4.13)
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Figure 7.5: Total decay width of SM Higgs as a function of the Higgs mass.
respectively, where ΓNN (M) is the total decay width of φBL with a mss M into heavy neutrinos in the limit of
θ → 0, which is given by
ΓNN (M) =
3Y 2
16pi
M
(
1− 4m
2
N
M2
)3/2
. (7.4.14)
Here, we have considered only one RHN with a Majorana Yukawa coupling Y and its mass mN , for simplicity.
If mφ > 2mh, φ can also decay into a pair of SM-like Higgs bosons, and the partial decay width of this process
is expressed as
Γ(φ→ hh) = C
2
φhh
32pi
1
mφ
(
1− 4m
2
h
m2φ
)1/2
, (7.4.15)
where
Cφhh =
λ′
4
(vBL(cos θ + 3 cos 3θ) + vSM (sin θ − 3 sin 3θ)) . (7.4.16)
For a small mixing angle θ . 0.1 and vSM < vBL, Cφhh can be approximated as
Cφhh ' λ
′
4
(4vBL − 2vSMθ) ' λ′vBL =
m2h −m2φ
2vSM
tan 2θ, (7.4.17)
where we have used Eq. (7.3.8). Hence, Γ(φ → hh) is determined by mφ and θ. Using the decay widths of φ
and h, the branching ratio of φ and h into a pair of RHNs are given by
BR(φ→ NN) = cos
2 θ × ΓNN (mφ)
cos2 θ × ΓNN (mφ) + sin2 θ × ΓSM (mφ) + Γ(φ→ hh)
,
BR(h→ NN) = sin
2 θ × ΓNN (mh)
sin2 θ × ΓNN (mh) + cos2 θ × ΓSM (mh)
, (7.4.18)
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Figure 7.6: Representative Feynman diagrams for the Higgs portal Majorana neutrino pair production and
subsequent decay modes.
respectively.
Let us now consider the production cross section for the RHNs at the LHC from the φ and h productions
and their decays. Using Eqs. (7.4.9), (7.4.10) and (7.4.18), the cross section formulas are given by
σ(pp→ φ→ NN) = sin2 θ × σh(mφ)×BR(φ→ NN),
σ(pp→ h→ NN) = cos2 θ × σh(mh)×BR(h→ NN), (7.4.19)
respectively, and they are controlled by four parameters, Y , θ, mφ and mN . Throughout this section, we fix
mN = 20 GeV, for simplicity. The representative diagrams of the RHN productions including their decays are
shown in Fig. 7.6. We will discuss the decay of RHNs into the SM final states in details in Sec. 7.5. In the
remainder of the analysis in this section, we fix the lifetime of RHNs to yield the best reach of σXX in Fig. 7.1
for both the future HL-LHC and MATHUSLA displaced vertex searches, namely, σmin(HL− LHC) = 20.7 and
σmin(MATH) = 0.3 fb, which corresponds to cτ = 3.1 and 58.4 m, respectively. Here, we identify X with the
RHN while S is either h or φ.
We first consider the case where h and φ masses are almost degenerate, mh ' mφ = 126 GeV. In this case,
the total cross section σXX is given by the sum of the productions from φ and h.1 The best search reach of the
displaced vertex signatures at the HL-LHC or the MATHUSLA are expressed as
σmin = σ(pp→ φ→ NN) + σ(pp→ h→ NN)
' [sin2 θ ×BR(φ→ NN) + cos2 θ ×BR(h→ NN)]σh(mh), (7.4.20)
where we have used the approximation σh(mφ) ' σh(mh). Hence, the best search reach is expressed as a
function of Y and θ for the fixed values of mN = 20 GeV, mh = 125 GeV and mφ = 126 GeV. In Fig. 7.7, our
1Although φ and h are almost degenerate, we do not consider the interference between the processes, pp → φ → NN and
pp → h → NN , since their decay width is much smaller (a few MeV) than their mass differences. Hence, in evaluation the total
cross section, we simply add the individual production cross section in Eq. (7.4.19).
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Figure 7.7: The plots show (i) the best reaches of displaced vertex searches at the HL-LHC (dashed curve)
and the the MATHUSLA (dotted curve); (ii) branching ratios of φ → NN denoted as the diagonal solid lines
(BR(φ → NN) = 99.99%, 98%, 75%, and 25%, respectively, from top to bottom); (iii) the excluded region
(gray shaded) from the LHC constraint on the Higgs branching ratio into the invisible decay mode [454].
results are shown in (Y, sin θ)-plane. This plots show (i) the best reaches of displaced vertex searches at the
HL-LHC (dashed curve) and the MATHUSLA (dotted curve); (ii) branching ratios of φ→ NN denoted as the
diagonal solid lines (BR(φ→ NN) = 99.99%, 98%, 75%, and 25%, respectively, from top to bottom); (iii) the
excluded region (gray shaded) from the LHC constraint on the Higgs branching ratio into the invisible decay
mode, namely,
BRhiggsinv = sin
2 θ ×BR(φ→ NN) + cos2 θ ×BR(h→ NN) < 0.23. (7.4.21)
Note that along the dashed curve, the RHN pair production is dominated by the decay of h (φ) for sin θ < 0.02
(sin θ > 0.02). Similarly, the RHN pair production is dominated by the decay of h (φ) for sin θ < 0.002
(sin θ > 0.002) along the solid curve.
In our model, once Y and mN are fixed, the relation between the B − L gauge coupling and the Z ′ boson
mass is determined by (see Eq. (7.3.4))
gBL =
1
2
√
2
Y
mN
mZ′ . (7.4.22)
The Z ′ boson has been searched by various experiments, and the upper bound on the B −L gauge coupling as
a function of its mass is obtained for a wide mass range of O(1) . mZ′ [GeV] ≤ 5000. For a Y value chosen
in Fig. 7.7, we examine the consistency with the current constraints from the Z ′ boson search. For several
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Figure 7.8: For fixed Y values, the diagonal lines show the the Z ′ boson gauge coupling values as a function of
mZ′ , along with the excluded shaded region from various Z ′ boson searches. In the left panel, the three diagonal
lines show the results for Y = 0.0181 (dotted), 3.97×10−3 (dashed) and 4.85×10−4 (solid), respectively, which
are chosen from the intersections of the diagonal line for BR(φ→ NN) = 98% with the solid curve, the dashed
curve and dotted line in Fig. 7.7. The results for the case with BR(φ → NN) = 25% are shown in the right
panel, where the three diagonal lines correspond to Y ' 3.15×10−3 (dotted), 6.50×10−4 (dashed) and 7.95×105
(solid), respectively.
benchmark Y values, we show in Fig. 7.8 the relation of Eq. (7.4.22) along with the current experimental
constraints from the Z ′ boson searches (the shaded regions are excluded from the result in Ref. [455], the LHCb
results [456, 457], and the resent ATLAS results [458]). In the left panel, we show the relation for Y = 0.0181
(dotted), 3.97× 10−3 (dashed) and 4.85× 10−4 (solid), which are chosen from the intersections of the diagonal
line for BR(φ → NN) = 98% with the solid curve, the dashed curve and dotted line in Fig. 7.7. We find the
current constraints from the Z ′ boson search are very severe and complementary to the future search reach
of the displaced vertex signatures. In the right panel, we show the relation for Y ' 3.15 × 10−3 (dotted),
6.50 × 10−4 (dashed) and 7.95 × 105 (solid), which are chosen from the intersections of the diagonal line for
BR(φ → NN) = 25% with the solid curve, the dashed curve and dotted line in Fig. 7.7. From the results, we
see that if the RHN pair production is dominated by the SM-like Higgs boson decay, the allowed parameter
space is very severely constrained except for a window around mZ′ = 100 GeV. However, Fig. 7.8 also shows
that we can avoid the constraints by lowering gBL.
Let us next consider the case that mφ and mh are well separated. In this case, we calculate the RHN pair
productions from the decays of h and φ separately. For each case, we assume the lifetime of the RHN to yield
the best search reach at the HL-LHC or the MATHUSLA shown in Fig. 7.1. The best search reach of the
displaced vertex signatures at the HL-LHC or the MATHUSLA are expressed as σmin = σ(pp → S → NN),
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Figure 7.9: The plots shows the parameter space when the RHNs production at the LHC is dominated by SM
Higgs decay for fixed mφ = 70 GeV and mN = 20 GeV. In the left panel, along dashed (solid) diagonal lines
with a negative slope, the RHN production cross section at the LHC from the SM Higgs decay is fixed to be the
best search reach value for the HL-LHC (MATHUSLA) displaced vertex searches σ(pp → XX) = 20.7(0.3) fb
in Fig. 7.1. The gray shaded region are excluded region by the SM Higgs boson invisible decays searches [454].
The plot also shows BR(φ → NN) lines, diagonal solid lines with positive slope. From top to bottom, along
the line, BR(φ → NN) = 99.99%, 98%, 75%, and 25%, respectively. In the right panel, for a fixed Y value,
the diagonal lines show the the Z ′ boson gauge coupling values as a function of m′Z , along with the excluded
shaded regions from various Z ′ boson searches. The Yukawa values are chosen to satisfy BR(φ→ NN) = 98%
in the left panel. The dotted diagonal line correspond to Y ' 1.90× 10−2 is fixed using the intersection of the
BR(φ → NN) = 98% with the dotted line. Similarly, the dashed (solid) line correspond to Y ' 1.00 × 10−2
(3.59 × 10−3) fixed using the intersection of BR(φ → NN) = 98% with the dashed (HL-LHC) and solid
(MATHUSLA) lines.
where S is either h or φ. Once mφ is fixed, this equation leads to a relation between Y and θ as shown in
Fig. 7.7 for mφ = 126 GeV. Using Eqs. (7.2.2), (7.4.18) and (7.4.19), we express σmin = σ(pp→ S → NN) for
S = φ and h, separately, as
ΓNN (mφ) =
R(mφ) tan
2 θ
sin2 θ −R(mφ)
(
ΓSM (mφ) +
Γ(φ→ hh)
sin2 θ
)
,
ΓNN (mh) =
R(mh) cot
2 θ
cos2 θ −R(mh)ΓSM (mh), (7.4.23)
where R is defined as
R(mS) =
σmin
σh(mS)
. (7.4.24)
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Figure 7.10: The plots shows the parameter space when the RHNs production at the LHC is dominated by
B−L Higgs decay for fixed mφ = 70 GeV and mN = 20 GeV. In the left panel, along dashed (solid) curved lines,
the RHN production cross section at the LHC from the SM Higgs decay is fixed to be the best search reach value
for the HL-LHC (MATHUSLA) displaced vertex searches σ(pp → XX) = 20.7(0.3) fb in Fig. 7.1. Along the
diagonal solid lines with positive slope. BR(φ→ NN) is fixed. From top to bottom, BR(φ→ NN) = 99.99%,
98%, 75%, and 25%, respectively. The gray shaded region are excluded region by the SM Higgs boson invisible
decays searches [454]. In the right panel, for a fixed Y value, the diagonal lines show the the Z ′ boson gauge
coupling values as a function of m′Z , along with the excluded shaded regions from various Z
′ boson searches.
The Yukawa values are chosen to satisfy BR(φ → NN) = 98% in the left panel. The dotted diagonal line
correspond to Y ' 1.92× 10−2 is fixed using the intersection of the BR(φ→ NN) = 98% with the dotted line
in the left panel. Similarly, the dashed (solid) line correspond to Y ' 2.58 × 10−3 and 3.20 × 104 fixed using
the intersection of BR(φ → NN) = 98% with the dashed (HL-LHC) and dashed (MATHUSLA) lines in the
left panel
Using Eqs. (7.4.14) and (7.4.23), we then obtain the relation between Y and θ for each case as follows:
Y 2 =
16pi
3
tan2 θ
sin2 θ −R(mφ)
(
R(mφ)
mφ
)(
ΓSM (mφ) +
Γ(φ→ hh)
sin2 θ
)(
1− 4m
2
N
m2φ
)−3/2
,
Y 2 =
16pi
3
cot2 θ
cos2 θ −R(mh)
(
R(mh)
mh
)
ΓSM (mh)
(
1− 4m
2
N
m2h
)−3/2
. (7.4.25)
The first equation in Eq. (7.4.25) indicates that for a fixed R(mφ) < 1, Y 2 becomes singular for sin2 θ = R(mφ).
Thus, there is a lower bound on sin θ to achieve the best reach cross section σmin. For sin θ ∼ 1, Y 2 becomes
singular in both the equations. However, such a large mixing angle is excluded by the measurement of the SM
Higgs boson properties at the LHC.
In Fig. 7.9, we show our results for the case that the RHNs are produced from the SM-like Higgs boson
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decay. Here, we have fixed mφ = 70 GeV and mN = 20 GeV. In the left panel, the best reach cross section at the
HL-LHC (MATHUSLA) is achieved along the dashed (solid) diagonal line with a negative slope. The four solid
diagonal lines with positive slopes denote the relations between Y and sin θ to yield BR(φ → NN) = 99.99%,
98%, 75%, and 25%, respectively, from top to bottom. The gray shaded region is excluded by the LHC constraint
on the Higgs branching ratio into the invisible decay mode [454], which is simply given by
BRhiggsinv = cos
2 θ ×BR(h→ NN) < 0.23, (7.4.26)
for the present case. The right panel corresponds to Fig. 7.8. The three diagonal lines corresponds Y '
1.90 × 10−2 (dotted), Y ' 1.00 × 10−2 (dashed) and 3.59 × 10−3 (solid), respectively, which are chosen from
the intersections of the diagonal line for BR(φ → NN) = 98% with the solid, dashed and dotted lines with
negative slopes in the left panel.
Fig. 7.10 shows the results corresponding to Fig. 7.8, but for the case that the RHNs are produced from
the B − L Higgs boson decay, with mφ = 70 GeV and mN = 20 GeV. Along the dashed and solid curves, the
best reach cross section is achieved at the HL-LHC and the MATHUSLA, respectively. The four solid diagonal
lines with positive slopes denote the relations between Y and sin θ to yield BR(φ→ NN) = 99.99%, 98%, 75%,
and 25%, respectively, from top to bottom. The gray shaded region is excluded region by the SM Higgs boson
invisible decays search. As we have discussed, the curves show the singularities for small sin θ values. In the right
panel, the three diagonal lines corresponds Y ' 1.92×10−2 (dotted), Y ' 2.58×10−3 (dashed) and 3.20×10−4
(solid), respectively, which are chosen from the intersections of the diagonal line for BR(φ→ NN) = 98% with
the solid curve, the dashed curve and the dotted line in the left panel.
Our results for mφ = 200 GeV corresponding to Figs. 7.9 and 7.10 are shown, respectively, in the top panels
and the bottom panels of Fig. 7.11. All line and color codings are the same as Figs. 7.9 and 7.10. In the top-right
(bottom-right) panel, three diagonal lines correspond to Y ' 1.03×10−1, Y = 3.68×10−2 and Y = 1.28×10−2
(Y ' 1.03 × 10−1, Y = 8.12 × 10−1 and 1.01 × 10−2), respectively, from top to bottom. Fig. 7.12 is the same
as Fig. 7.11 but for mφ = 400 GeV. Note that in this case, the total decay width also includes the decay
mode of φ → hh. In the top-right (bottom-right) panel, three diagonal lines correspond to Y ' 2.38 × 10−1,
Y = 6.86× 10−2 and Y = 2.32× 10−2 (Y ' 2.38× 10−1, Y = 3.94× 10−1 and 4.79× 10−2), respectively, from
top to bottom. Qualitative behaviors of various curves and lines shown in this figure are similar to those in
Fig. 7.11.
Let us here summarize our results as mφ is increased. From the left panel in Fig. 7.10, the bottom-left
panels in Fig. 7.11 and Fig. 7.12, we can see that the resultant curves and the diagonal lines are shifting upward
to the right as mφ is increased. This is because (i) as mφ is increased, the partial decay widths of φ into the
SM particles become larger and as a result, Y is increased to yield a fixed branching ratio to φ → NN , see
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Figure 7.11: For fixed mφ = 200 GeV and mN = 20 GeV, the plots shows the parameter space when the RHNs
production at the LHC is from the: SM Higgs decay (top panel) and B − L decay (bottom panel). The line
coding for plots in the top and bottom panels is the same as Figures 7.9 and 7.10, respectively. For the plots in
the top (bottom) right column, the branching ratio in fixed to be, BR(φ→ NN) = 98% with a corresponding
Y ' 1.03 × 10−1, 3.68 × 10−2 and 1.28079 × 10−2 (Y ' 1.03 × 10−1, 8.12 × 102 and 1.01 × 10−2), for dotted,
dashed, and solid lines, respectively.
Eq. 7.4.25; (ii) since σh(mφ) is decreasing as mφ is increased, the lower bound on sin θ (at which Y becomes
singular) is increasing (see the discussion below Eq. (7.4.25). Hence, the LHC constraint from the invisible
decay of the SM Higgs boson relatively becomes more severe. In fact, the bottom-left panel of Fig. 7.12 shows
that the dashed curve appears inside the gray shaded region and thus the entire parameter region which can
be explored at the future HL-LHC is already excluded. According to Eq. 7.4.22, the B − L gauge coupling
becomes larger for a fixed mZ′ as Y becomes larger. Hence, the current constraints from the Z ′ boson search
become more severe as mφ is increased as can be seen from the right panel in Fig. 7.10, the bottom-right panel
in Fig. 7.11 and the bottom-right panel in Fig. 7.12. Note that if we take gBL small enough, for example,
gBL < 10
−4, all the existing collider constraints from the Z ′ boson search can be avoided.
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Figure 7.12: For fixed mφ = 400 GeV and mN = 20 GeV, the plots shows the parameter space when the
RHNs production at the LHC is from the: SM Higgs decay (top panel) and B − L decay (bottom panel). The
line coding for the top and bottom panels is the same as Figures 7.9 and 7.10, respectively. For the plots in
the top (bottom) right column, the branching ratio in fixed to be, BR(φ→ NN) = 98% with a corresponding
Y ' 2.38 × 10−1, 6.86 × 10−2 and 2.32 × 10−2 (Y ' 2.38 × 10−1, 3.94 × 10−1 and 4.79 × 10−2), for dotted,
dashed, and solid lines, respectively.
We conclude this section by generalizing our analysis for the long-lived heavy neutrino to the case for an
SM-singlet particle X produced through pp → S → XX with an SM-singlet scalar S at the LHC. Since S is
SM-singlet, it is produced at the LHC through a mixing with the SM Higgs boson, just like φ. Hence, the total
production cross section of the process, pp→ S → XX, is given by
σ(pp→ S → XX) = σ(pp→ S)×BR(S → XX)
= sin2 θ × σh(mS)×BR(S → XX), (7.4.27)
where θ is the mixing angle, and σh(mS) is the production cross section of the SM Higgs boson if the SM
Higgs boson mass were the mass of S (mS). Let us assume the lifetime of X to yield the best reach values,
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Figure 7.13: The search reach of the displaced vertex searches at the HL-LHC and MATHUSLA. For BR(S →
XX) ' 100%, the red (gray) shaded region is excluded by the LEP (LHC) experiments.
Benchmark Points Mixing angle (θ)
Search Reach of mS[GeV]
MATHUSLA HL-LHC
BP1 8 ×10−3 476 39
BP2 5 ×10−2 972 293
BP3 1× 10−2 556 65
Table 7.2: Summary of φ mass reach at MATHUSLA and HL-LHC experiment.
σmin(HL− LHC) = 20.7 and σmin(MATHUSLA) = 0.310 fb, for the displaced vertex searches at the HL-
LHC and the MATHUSLA, respectively. We then calculate σh(mS) at the 13 TeV LHC to obtain a relation
between sin2 θ ×BR(S → XX) and mS to achieve the best reach value σ(pp→ S → XX) = σmin(HL− LHC)
or σmin(MATHUSLA). Our results are shown in Fig. 7.13. The region above the dashed black line (solid
black line) can be explored at the HL-LHC (the MATHUSLA) with a 3 ab−1 luminosity. For the case of
BR(S → XX) ' 100%, the red shaded region is excluded by the LEP results on the search for the SM Higgs
boson, while the gray shaded region is excluded by the LHC measurement of the SM Higgs boson properties.
Assuming BR(S → XX) ' 100%, we can read off the search reach of mS from Fig. 7.13 for a fixed value of
sin θ. Our results for three benchmark points are listed in Table 7.2.
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7.5 Lifetime of heavy neutrinos
We assumed a suitable lifetime of the heavy neutrino in the previous section. In this section, we calculate the
lifetime of the heavy neutrinos for realistic parameters to reproduce the neutrino oscillation data and investigate
the prospect of searching for the displaced vertex signatures of the heavy neutrino productions.
After the B − L and electroweak symmetry breakings, the neutrino mass matrix is generated to be
Mν =
 0 mD
(mD)
T MN
 , (7.5.28)
where MN and mD are the Majorana and the Dirac mass matrices, respectively. From Eqs. (7.3.3) and (7.3.4),
we have MN = diag(mN1 ,mN2 ,mN3) and m
ij
D = Y
ij
D vSM/
√
2. Assuming the mass hierarchy |mijD/mNk |  1,
the seesaw formula for the light Majorana neutrinos is given by
mν ' −mD(MN )−1mTD. (7.5.29)
The light neutrino flavor eigenstate (ν) can be expressed in terms the light (νm) and heavy (Nm) Majorana
neutrino mass eigenstates, ν ' Nνm +RNm, where R = mD(MN )−1, N =
(
1− 12R∗RT
)
' UMNS, and UMNS
is the neutrino mixing matrix which diagonalizes mν by
UTMNSmνUMNS = Dν = diag(m1,m2,m3), (7.5.30)
where the neutrino mixing matrix is parameterized as
UMNS =

c12c13 c12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12c23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


1 0 0
0 e−iρ1 0
0 0 e−iρ2
 , (7.5.31)
where cij = cos θij , sij = sin θij , δ is the Dirac CP phase, and ρ1 and ρ2 are the Majorana CP phases. Using
the Eqs. (8.2.3) and (7.5.30), the Dirac mass matrix is parameterized as [558]
mD = U
∗
MNS
√
Dν O
√
MN , (7.5.32)
whereO is a general orthogonal matrix,
√
MN ≡ diag(√mN1 ,√mN2 ,√mN3) and
√
Dν ≡ diag(√m1,√m2,√m3).
The charged current interaction of the neutrino mass eigenstates is expressed as
LCC = − g√
2
Wµ`αγ
µPL
(Nαiνim +RαiN im)+ h.c., (7.5.33)
where `α are the 3 generations of the charged SM leptons, and PL = (1 − γ5)/2 is the left handed projection
operator. Similarly, for the the neutral current interaction, we have
LNC = − g
2 cos θW
Zµ
[
νimγ
µPL(N †N )ijνjm +N imγµPL(R†R)ijN jm
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+
{
νimγ
µPL(N †R)ijN jm + H.c.
}]
, (7.5.34)
where θW is the weak mixing angle.
With the general parameterization of Eq. (7.5.32), the matrix R is given by
Rαi = mD(MN )
−1 = U∗MNS
√
Dν O(
√
MN )
−1. (7.5.35)
In order to fix Rαi, we employ the neutrino oscillation data: sin2 2θ13 = 0.092 [460] along with sin2 2θ12 = 0.87,
sin2 2θ23 = 1.0, as well as the mass squared differences, ∆m212 = m22 − m21 = 7.6 × 10−5 eV2 and ∆m223 =
|m23 − m22| = 2.4 × 10−3 eV2 [623]. Motivated by the recent measurements, we also fix the Dirac CP phase
as δ = 3pi2 [461], while we simply take ρ1 = ρ2 = 0 for the Majorana CP phases. To simplify our analysis,
we set the orthogonal matrix O to be the identity matrix and assume the mass degeneracy for three heavy
neutrinos, mN1,2,3 = mN . For the light neutrino mass spectrum, we consider two cases: the normal hierarchy
(NH), m1 < m2 < m3, and the inverted hierarchy (IH), m3 < m1 < m2.
Let us now consider the decay of the heavy neutrinos into the SM particles. In our analysis, we set mN = 20
GeV, hence the heavy neutrino decays into the SM quarks and leptons via intermediate off-shell W and Z
bosons. The expression for the decay width of heavy neutrinos into various final states are as follows:
1. Leptons in the final states:
Γ(W )(N i → `αL`βLνκ) =
(
3∑
α=1
|Rαi|2
)∑
β,κ
|UβκMNS |2
ΓNi ,
Γ(Z)(N i → να`βL`κL) =
(
3∑
α=1
|Rαi|2
) ∑
β,κ=1
δβκ
 cos2 2θW 1
4
ΓNi ,
Γ(Z)(N i → να`βR`κR) =
(
3∑
α=1
|Rαi|2
)∑
β,κ
δβκ
 sin4 θW ΓNi ,
Γ(Z)(N i → νανβνκ) =
(
3∑
α=1
|Rαi|2
)∑
β,κ
δβκ
 1
4
ΓNi , (7.5.36)
where
ΓNi =
G2F
192pi3
m5Ni (7.5.37)
with the Fermi constant GF , U
αβ
MNS is a (α, β)-element of the neutrino mixing matrix, and
∑
β,κ |UβκMNS |2 =
3 =
∑
β,κ δβκ. In deriving the above formulas, we have neglected all lepton masses. For a degenerate heavy
neutrino mass spectrum, we obtain
∑3
α=1 |Rαi|2 = mimN . For the lepton final states, we have an interference
between the Z and W boson mediated decay processes:
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Figure 7.14: The left (right) panel shows the decay lengths of heavy neutrinos as a function of the lightest
light neutrino mass m1 (m3), for the NH (IH) case. In both panels, the dotted, dashed, and the solid lines
correspond to the decay lengths of N1, N2, and N3, respectively, with mN = 20 GeV. In the right panel, the
dotted and dashed lines are indistinguishable.
Γ(Z/W )(N i → ν``) =
(
3∑
α=1
|Rαi|2
)
× 2Re(Uii)× ΓNi . (7.5.38)
2. Quarks in the final states:
Γ(W )(N i → `αqβLq¯κL) = Nc
(
3∑
α=1
|Rαi|2
)∑
β,κ
|V qβ q¯κCKM |2
ΓNi ,
Γ(Z)(N i → ναqβLq¯κL) = Nc
(
3∑
α=1
|Rαi|2
)∑
β,κ
|V qβ q¯κCKM |2
 cos2 2θW 1
4
ΓNi ,
Γ(Z)(N i → ναqβRq¯κR) = Nc
(
3∑
α=1
|Rαi|2
)∑
β,κ
|V qβ q¯κCKM |2
 sin4 θW ΓNi , (7.5.39)
where Nc = 3 is the color factor. Since we have set mN = 20 and 40 GeV in the following analysis, we only
consider the first two generation of quarks in the final states and
∑
β,κ |V q
β q¯κ
CKM |2 = 2. For the final state quarks,
there is no interference between W and Z boson mediated processes.
Using Eqs. (7.5.36), (7.5.38), and (7.5.39), we evaluate the total decay width of each heavy neutrino (ΓNi).
The decay length (in meters) are found to be
cτ1 =
1
ΓN1
' 6.98× 105 1
m4N m1
,
cτ2 =
1
ΓN2
' 7.25× 105 1
m4N m2
,
cτ3 =
1
ΓN3
' 7.11× 105 1
m4N m3
, (7.5.40)
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where mN is in units of GeV while mi is in units of eV. The decay length cτi is inversely proportional to mi
because of ΓNi ∝
∑3
α=1 |Rαi|2 = mimN . For the NH and IH cases, the decay lengths for the heavy neutrinos
N1,2,3 are plotted in Fig. 7.14 as a function of the lightest light neutrino mass.
Figure 7.15: For the NH case, the search reach cross sections with mφ = 126 GeV and mN = 20 GeV along
with the heavy neutrino decay lengths for the three benchmark mlightest values (vertical lines). The top-left,
top-right and bottom panels are for mlightest = m1 = 0.1, 0.01 and 0.001 eV, respectively
In Fig. 7.14, let us consider three benchmark values for the lightest light neutrino mass as mlightest = 0.1,
0.01, and 0.001 eV. For each benchmark mlightest value, the decay lengths for the three heavy neutrinos are fixed.
It is then interesting to combine the benchmark decay lengths with the search reach of the displaced vertex
signatures at the future colliders. For the NH case, we show in Fig. 7.15 the search reach cross sections with
mφ = 126 GeV andmN = 20 GeV along with the heavy neutrino decay lengths for the three benchmarkmlightest
values (vertical lines). The top-left, top-right and bottom panels are for mlightest = m1 = 0.1, 0.01 and 0.001
eV, respectively Interestingly, for all benchmarks, the value of cτ3 is very close to the lifetime yielding the best
reach cross section at the MATHUSLA. Same as Fig. 7.15 but for the IH case is shown in Fig. 7.16. The top-left,
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Figure 7.16: Same as Fig. 7.15 but for the IH case. The top-left, top-right and bottom panels are for
mlightest = m3 = 0.1, 0.01 and 0.001 eV, respectively
top-right and bottom panels are for mlightest = m3 = 0.1, 0.01 and 0.001 eV, respectively For all benchmarks,
the value of cτ1 is very close to the lifetime yielding the best reach cross section at the MATHUSLA.
The heavy neutrino lifetimes become shorter as mlightest is raised (see Eq. (7.5.40)). However, if we consider
the cosmological bound on the sum of the light neutrino masses,
∑
mlightest = 0.23 MeV [462], we obtain the
lower bound on the decay length to be cτ & 20 m. In fact, this lower bound can be significantly reduced if we
consider the complex orthogonal matrix O in the general parametrization. See, for example, Ref. [463].
In the previous section, we have shown the relation between Y and sin θ to achieve the best reach cross section
at the HL-LHC/MATHUSLA, assuming the heavy neutrino lifetime to be the best point for each experiment. To
conclude this section, we repeat the same analysis in the previous section but for various values of cτ determined
by mlightest values. For this analysis, we set mN = 40 GeV and mφ = 150 GeV. The decay lengths of heavy
neutrinos for this parameter choice are depicted in Fig. 7.17. In this case, the cosmological lower bound on cτ
is found to be cτ ' 1.3 m.
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Figure 7.17: Same as Fig. 7.14 but for the case with mN = 40 GeV.
In Fig. 7.18, we show our results corresponding to the top-left and bottom-left panels in Fig. 7.11. The left
panel corresponds to the the top-left panel of Fig. 7.11. Here, we consider the heavy neutrino production from
the SM-like Higgs decay and the search reach at the HL-LHC. The diagonal dashed lines from left to right are
results correspond tomlightest = 8.90×10−2, 10−2, 5.00×10−3 and 10−3 eV, or equivalently cτ = 3.10, 27.2, 54.0
and 273 m. The solid diagonal lines denote the relations between Y and sin θ to yield BR(φ→ NN) = 99.99%,
98%, 75%, and 25%, respectively, from top to bottom. The gray shaded region is excluded by the LHC constraint
on the invisible Higgs decay. The right panel corresponds to the the bottom-left panel of Fig. 7.11. Here, we
consider the heavy neutrino production from the B − L Higgs decay. The line coding are the same as the left
panel. The parameter region for mlightest . 10−3 eV is already excluded.
Same as Fig. 7.18 but for the search reach at the MATHUSLA is shown in Fig. 7.19. Solid diagonal lines
with negative slope in the left panel and the solid curves in the right panel correspond to mlightest ' 10−1,
4.61× 10−3, 5.00× 10−4 and 10−4 eV, or equivalently cτ = 2.73, 59.1, 545 and 2.73× 103 m, from left to right.
The line coding for the other lines and the shaded region are the same as Fig. 7.18.
7.6 Complementarity to neutrinoless double beta decay search
The neutrinoless double beta decay of heavy nuclei is a “smoking-gun" signature of the Majorana nature of
neutrinos. In this process, two neutrons in nuclei simultaneously decay into two protons plus two electrons
without emitting neutrinos, and hence the lepton number is violated by two units. The neutrinoless double
beta decay process is characterized by an effective mass of the light neutrino (〈mββ〉) defined as
〈mββ〉 =
∣∣∣∣∣∣
∑
j
mjU
2
ej
∣∣∣∣∣∣ , (7.6.41)
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Figure 7.18: For fixed mφ = 150 GeV and mN = 40 GeV and for different mlightest values, the plots show
the parameter space for displaced vertex search at HL-LHC when the RHNs are produced from: SM Higgs
decay (left) and B − L decay (right). For both the panels, from left to right, the dashed lines correspond
to mlightest ' 8.90 × 10−2, 10−2, 5.00 × 10−3, and 10−3 eV, or equivalently cτ = 273, 54.0, 27.2, and 3.10 m,
respectively. In both panels, from top to bottom, the solid lines are correspond to fixed BR(φ→ NN) = 99.99%,
98%, 75%, and 25%, respectively. Similarly, the gray shaded region are excluded region by the SM Higgs boson
invisible decay searches.
Figure 7.19: For fixed mφ = 150 GeV and mN = 40 GeV and for different mlightest values, the plots show
the parameter space for displaced vertex search at MATHUSLA when the RHNs are produced from: SM Higgs
decay (left) and B − L decay (right). For both the panels, from left to right, the dashed lines correspond to
mlightest ' 10−1, 4.61× 10−3, 5.00× 10−4, and 10−4 eV, or equivalently cτ = 2.73× 103, 59.1, 545, and 2.73 m,
respectively. The line coding for the remaining curves and regions are same as Fig. 7.18.
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Figure 7.20: In the left panel, the red and the green shaded region correspond to the constraint on effective
netrino mass (〈mββ〉) for the NH and IH, respectively. The horizontal shaded regions from the top to bottom,
correspond to the current EXO-200 experiment and the future reach of EXO-200 phase-II, and nEXO experi-
ments, respectively [464]. In the right panel, the solid line depicts the total decay length of RHN plotted against
the mass of the corresponding lightest light-neutrino mass. The dashed (solid) line correspond to fixed RHN
mass of 20 (40) GeV. In both the panels, vertical solid lines correspond to the three benchmark points for the
lightest neutrino masses for the NH and the IH, namely, mlightest = 0.1, 0.01, and 0.001 eV.
where Uej is the (e, j)-element of the neutrino mixing matrix UMNS, see [464] for review of neutrinoless double
beta decay. Employing the current neutrino oscillation data, the effective mass is described by the lightest
light neutrino mass. The left panel in Fig. 7.20 depicts the relation between 〈mββ〉 and mlightest for the NH
(red shaded region) and IH (green shaded region) cases. In this panel, the current upper limit by the EXO-
200 experiment (upper horizontal shaded region) and the future reach by the EXO-200 phase-II and nEXO
experiments (lower horizontal shaded region) are also shown.
As we have investigated in the previous section, the decay lengths of the heavy neutrinos are controlled by
mlightest. In the right panel of Fig. 7.20, we show the decay length of the heavy neutrino N3 for the NH case
as a function of mlightest. The dashed and solid lines correspond to the heavy neutrino masses of mN = 20
and 40 GeV, respectively. In Fig. 7.20, our benchmarks of mlightest = 0.1, 0.01 and 0.001 are depicted by the
vertical lines. It is interesting to compare the two panels. If the displaced vertex from a heavy neutrino decay is
observed and the heavy neutrino mass is reconstructed from its decay products, mlightest is determined. If the
neutrinoless double beta decay is observed, 〈mββ〉 is measured. However, if 〈mββ〉 is measured to be around
0.03 eV or 0.002 eV, mlightest is left undetermined. Hence, the observations of the displaced vertex and the
neutrinoless double beta decay are complementary with each other.
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7.7 Conclusions
It is quite possible that new particles in new physics beyond the SM are completely singlet under the SM gauge
group. This is, at least, consistent with the null results on the search for new physics at the LHC. If this is the
case, we may expect that such particles very weakly couple with the SM particles and thus have a long lifetime.
Such particles, once produced at the high energy colliders, provide us with the displaced vertex signature, which
is very clean with negligible SM background. In the context of the minimal gauged B − L extended SM, we
have considered the prospect of searching for the heavy neutrinos of the type-I seesaw mechanism at the future
high energy colliders. For the production process of the heavy neutrinos, we have investigated the production
of Higgs bosons and their subsequent decays into a pari of heavy neutrinos. With the parameters reproducing
the neutrino oscillation data, we have shown that the heavy neutrinos are long-lived and their displaced vertex
signatures can be observed at the next generation displaced vertex search experiments, such as the HL-LHC, the
MATHUSLA, the LHeC, and the FCC-eh. We have found that the lifetime of the heavy neutrinos is controlled
by the lightest light neutrino mass, which leads to a correlation between the displaced vertex search and the
search limit of the future neutrinoless double beta-decay experiments.
Appendix
The partial decay widths of various decay modes of the SM-like Higgs boson of mass mh is given by [762] :
(i) SM fermions (f):
Γh→ff¯ = cos
2 θ × 3Nfmhm
2
f
8piv2SM
(
1− 4m
2
f
m2h
)3/2
,
where f are the SM fermions and Nf = 1 and 3 for SM leptons and quarks, respectively.
(ii) on-shell gauge bosons (V = W or Z):
Γh→V V = cos2 θ × CV
32pi
m3h
v2SM
(
1− 4m
2
V
m2h
)1/2(
1− 4m
2
V
m2h
+ 12
(
m2V
m2h
)2)
,
where CV = 1 and 2 for V = Z or W gauge boson, respectively.
(iii) gluon (g) via top-quark loop:
Γh→gg = cos2 θ × α
2
sm
3
h
128pi3v2
(F1/2(mh))
2,
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where
F1/2(mh) = −24m
2
t
m2h
[
1−
(
1− 4m
2
t
m2h
arcsin2
(
mh
2mt
))]
.
(iii) one off-shell gauge boson :
Γh→WW∗ = cos2 θ × 3m
4
Wmh
32pi3v4SM
G
(
m2W
m2h
)
,
Γh→ZZ∗ = cos2 θ × 3m
4
Zmh
32pi3v4SM
(
7
12
− 10
9
sin2 θW +
40
9
sin4 θW
)
G
(
m2W
m2h
)
, (7.7.42)
where sin2 θW = 0.231 and the loop functions are given by
G(x) = 3
1− 8x+ 20x2√
4x− 1 arccos
(
3x− 1
2x3/2
)
− |1− x|
2x
(2− 13x+ 47x2)
−3
2
(1− 6x+ 4x2) log(√x), (7.7.43)
where 1/4 < x < 1, for energetically allowed decays. For the B − L Higgs boson φ, cos θ will be replaced by
sin θ.
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li → ljγ, µ→ 3e, µ→ e conversion in nuclei [531–533], non-unitarity [534–538], etc.
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CHAPTER VIII
PROBING RIGHT HANDED NEUTRINOS AT THE LHEC AND LEPTON COLLIDERS 
USING FAT JET SIGNATURES
8.1 Introduction
One of the most robust evidence that points out to an important inadequacy of the SM is the existence of the 
tiny but non-zero neutrino masses. It seems unlikely that the very small neutrino masses are generated by the 
same Higgs mechanism responsible for the masses of the other SM fermions due to the absence of right-handed 
neutrinos. Even then, extremely small Yukawa couplings, of the order of . 10−12, must be invoked. There are 
various BSM extensions which have been proposed to explain small neutrino masses. Among those, one of the 
most appealing framework of light neutrino mass generation is the addition of new states that, once integrated
out, generate the lepton number violating dimension five W einberg o p erator O  5  =  Λc L L HH [ 6 10] .  T h is is 
embodied by the so-called seesaw mechanisms. There can be a few different variations of seesaw, Type-I [468],
Type-II [469], Type-III [470], inverse [471] and radiative [472] seesaw.
Most of the UV completed seesaw models contain Standard Model (SM) gauge singlet heavy right handed 
neutrino N . Through the seesaw mechanism, the Majorana type Right Handed Neutrinos (RHNs) impart 
masses to the SM light neutrinos and hence establishes the fact that SM neutrinos have masses which have 
been experimentally observed in a several neutrino oscillation experiments [473]. These RHNs can have masses 
from eV scale to 1014 GeV scale depending upon the models. For instance, the sterile neutrinos [474] with 
masses in the eV range could lead to effects in short distance neutrino oscillation experiments by introducing 
an additional mass squared difference, keV mass sterile neutrinos are potential candidates for âĂĲwarmâĂİ 
dark matter, MeV scale sterile neutrinos can be possible explanation for MiniBoone [475] and there can be
very heavy sterile neutrinos with masses MGUT ∼ 1014 GeV, close to MGUT ∼ 1016 GeV in model of grand 
unified t h eories (  G UTs). T h ese R HNs, o r iginally S t andard M o del ( SM) g a uge s i nglet, b e ing m i xed w i th the
SM light neutrinos to interact with the SM gauge bosons. Depending on the mass of the gauge singlet RHNs 
and their mixings with the active neutrino states, seesaw mechanism can be tested at colliders [476–518], as 
well as, in other non-collider experiments, such as, neutrinoless double beta decay [492, 519–525], neutrino
experiments [474, 475, 526], rare-meson decays [527–529], muon g − 2 [530], lepton flavor v i olating processes
We are specifically interested in the RHNs at the TeV scale so that they can be tested at the high energy
colliders. At the LHC, the production cross section of the RHN decreases as the mass of RHN increases as a
result of the properties of the constituent quarks of the proton beams. In the linear collider the electron and
positron are collided to produce the RHN in association with a light neutrino through the dominant t-channel
process. A subdominant s-channel process also contributes [539,540]. Otherwise a variety of RHN productions
at the linear collider have been discussed in [541] followed by the bounds on the light heavy mixing angles for
the electron flavor at the linear collider with 500 GeV and 1 TeV collider energies. The low mass range of the
RHN has been studied in [548] which also predicts the limit on the light heavy mixing and the mass of the
RHN up to a mass of 250 GeV. The sterile neutrinos at the circular lepton colliders have been studied in [549]
which deals with a comprehensive discussion on the detectors from experimental point of view. Higgs searches
from RHN has been studied in [550] where the RHN has been produced from the W and Z mediated processes.
Such a RHN decays into a Higgs and SM light neutrino and the Higgs can dominantly decay into a pair of
b-quarks. Hence a 2b plus missing momentum will be a signal from this process. In this paper the RHN up
to a 500 GeV mass have been tested where the maximum center of mass energy is also taken up to 500 GeV.
The distinct and interesting signature of the RHN can be displaced vertex search if the mixing between the
light and heavy neutrinos become extremely small. Such a scenario has been tested in [551] for the colliders
240 GeV, 350 GeV and 500 GeV. Another interesting work on the RHNs has been found in the form of [552]
where a variety of the colliders have been considered to test the observability of the RHN production. They
have discussed several production modes of the RHNs at the LHC, lepton-Hadron collider (LHeC) 1 [553] and
linear collider. They have studied all possible modes of the RHN production in these colliders and compared
the bounds on the light-heavy neutrino mixing angles. In the linear collider, the references [548–552] did not go
further than 500 GeV as they constrained themselves within the center of mass energy of 500 GeV. However,
none of these papers studied the boosted object at the LHeC and linear collider respectively.
In our analysis we consider the following things:
1. We study the prospect of discovery of RHNs at LHeC considering the boosted objects for the first time.
In the LHeC we concentrate on the lepton number violating (LNV) and lepton number conserving (LNC)
channels to produce the RHN in association with a jet (j1). Hence the RHN will decay into the dominant
`W and the W will decay into a pair of jets. The daughter W coming from the heavy RHN will be
boosted and its hadronic decay products, jets, of the W will be collimated such that they can form a fat
jet (J).Hence a signal sample of `+j1 +J can be studied thoroughly at this collider. In this process people
1In such a collider we can also nicely study the long lived particles in [542], beyond the SM physics in [543], leptoquarks [544],
left-right model [545], charged Higgs [546] and heavy Majorana neutrinos [547]. The LHeC design report can be found in [544].
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have mostly studied the lepton number conserving channel where as the lepton number violating will be
potentially background free. However, for clarity we study the combined channel and the corresponding
SM backgrounds. We consider two scenarios at the LHeC where the electron and proton beams will
have 60 GeV and 7 TeV energies where the center of mass energy becomes
√
s = 1.3 TeV. We have also
considered another center of mass energy at the
√
s = 1.8 TeV where the proton beam energy is raised up
to the 13.5 TeV. For both of the colliders we consider the luminosity at 1 ab−1. Here the RHN is a first
generation RHN (N1) and ` is electron (e). Finally we analyze up to 3 ab−1 luminosity.
2. At the linear collider the production of the RHNs is occurring from the s- and t- channel processes in
association with a SM light neutrino (ν). We consider the linear collider at two different center of mass
energies, such as
√
s = 1 TeV and
√
s = 3 TeV which can probe up to a high mass of the RHNs such
as 900 GeV (at the 1 TeV linear collider) and 2.9 TeV (at the 3 TeV linear collider) due to the almost
constant cross section for the Nν production. For both of the center of mass energies we consider 1 ab−1
luminosity. Finally we analyze up to 3 (5) ab−1 luminosity for the 1 (3) TeV linear collider.
At this mass scale, the RHNs will be produced at rest, however, the daughter particles can be sufficiently
boosted. We consider N → `W,W → jj and N → hν, h → bb modes at the linear collider where h is
the SM Higgs boson. If the RHN is sufficiently heavy, such the, MN ≥ 400 GeV, the W and h can be
boosted because MW and Mh << MN2 . As a result W and h will produce a fat jet (J) and a fat b jet (Jb)
respectively. Therefore the signal will be `+J plus missing momentum and Jb plus missing momentum in
theW and h modes respectively at the linear collider. Therefore studying the signals and the backgrounds
for each process we put the bounds in the mass- mixing plane of the RHNs.
3. We want to comment that studying e−e+ → N2νµ/N3ντ mode in the Z mediated s-channel will be
interesting where N2(N3) will be the second (third) generation RHN. Studying the signal events and the
corresponding SM backgrounds one can also calculate the limits on the mixing angles involved in these
processes. Such a process will be proportional to | VµN |2 (| VτN |2). In these processes the signal
will be µ(τ) + jj plus missing momentum followed by the decay of N2(N3) → µjj(τjj). One can also
calculate the bounds on the mass-mixing plane for different significances. A boosted analysis could be
interesting, however, a non-boosted study might be more useful as the cross-section goes down with the
rise in collider energy in these processes. Such signals can also be studied if the RHNs can decay through
the LFV modes, such as e−e+ → Nνe, N → µW,W → jj, however, µ→ eγ process will make this process
highly constrained due to the strong limit Br(µ+ → e+γ) < 4.2 × 10−13 at the 90% C. L. [554]. The
corresponding limits on τ are weaker [555,556]. Such final states have been studied in [539] for MN = 150
GeV, a high mass test with using boosted object will be interesting in future. A comprehensive LHC
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study has been performed in [557].
4. The RHN produced at the linear collider may decay in to another interesting mode, namely, N → Zν,Z →
bb¯. Which can be another interesting channel where boosted objects can be stated. However, precision
measurements at the Z-boson resonance using electronâĂŞpositron colliding beams at LEP experiment
strongly constrains Z boson current, and hence, Zbb¯ coupling. This channel also suffers from larger QCD
background compared to the leptonic decay of Z boson, and hence, leptonic decay of Z boson has better
discovery prospect for this particular mode of RHN decay. On the other hand, SM Higgs , h, mostly
decays (∼ 60%) to bb¯ due to large hbb¯ coupling. Due to this, we focus on the Higgs decay mode of RHN,
N → hν, h→ bb¯ to study the fat jet signature. For the time being, we mainly focus on the first two items.
The investigation of the mode, N → Zν,Z → bb¯ is beyond the scope of this article and shall be presented
in future work in detail.
The paper is organised as follows. in Sec. 8.2, we discuss the model and the interactions of the heavy
neutrino with SM particles and also calculate the production cross sections at different colliders. In Sec.8.3 we
discuss the complete collider study. In Sec. 8.4 we calculate the bounds on the mixing angles and compare them
with the existing results. Finally, we conclude in Sec. 8.5.
8.2 Model and the production mode
In type-I seesaw [468], SM gauge-singlet right handed Majorana neutrinos NβR are introduced, where β is the
flavor index. NβR have direct coupling with SM lepton doublets `
α
L and the SM Higgs doublet H. The relevant
part of the Lagrangian can be written as :
L ⊃ −Y αβD `αLHNβR −
1
2
MαβN N
αC
R N
β
R +H.c.. (8.2.1)
After the spontaneous EW symmetry breaking by getting the vacuum expectation value (VEV) of the Higgs
field, H =
 v√2
0
, we obtain the Dirac mass matrix as MD = YDv√2 . Using the Dirac and Majorana mass
matrices, the neutrino mass matrix can be written as
Mν =
 0 MD
MTD MN
 . (8.2.2)
After diagonalizing this matrix, we obtain the seesaw formula for the light Majorana neutrinos as
mν ' −MDM−1N MTD . (8.2.3)
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For MN ∼ 100 GeV, we may find YD ∼ 10−6 with mν ∼ 0.1 eV. However, in the general parameterization for
the seesaw formula [558], Dirac Yukawa term YD can be as large as 1, and this scenario is considered in this
paper.
There is another seesaw mechanism, so-called inverse seesaw [471], where the light Majorana neutrino mass
is generated through tiny lepton number violation. The relevant part of the Lagrangian is given by
L ⊃ −Y αβD `αLHNβR −MαβN SαLNβR −
1
2
µαβSαLS
βC
L +H.c., (8.2.4)
where MN is the Dirac mass matrix, NαR and S
β
L are two SM-singlet heavy neutrinos with the same lepton
numbers, and µ is a small lepton number violating Majorana mass matrix. After the electroweak symmetry
breaking the neutrino mass matrix is obtained as
Mν =

0 MD 0
MTD 0 M
T
N
0 MN µ
 . (8.2.5)
After diagonalizing this mass matrix, we obtain the light neutrino mass matrix
Mν 'MDM−1N µM−1
T
N M
T
D . (8.2.6)
Note that the small lepton number violating term µ is responsible for the tiny neutrino mass generation. The
smallness of µ allows the MDM−1N parameter to be order one even for an EW scale heavy neutrino. Since the
scale of µ is much smaller than the scale of MN , the heavy neutrinos become the pseudo-Dirac particles. This
is the main difference between the type-I and the inverse seesaw.
AssumingMDM−1N  1, the flavor eigenstates (ν) of the light Majorana neutrinos can be expressed in terms
of the mass eigenstates of the light (νm) and heavy (Nm) Majorana neutrinos such as
ν ' Nνm +RNm, (8.2.7)
where
R = MDM−1N , N =
(
1− 1
2

)
UMNS (8.2.8)
with  = R∗RT , and UMNS is the usual neutrino mixing matrix by which the mass matrix mν is diagonalized
as
UTMNSmνUMNS = diag(m1,m2,m3). (8.2.9)
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In the presence of , the mixing matrix N is not unitary. Considering the mass eigenstates, the charged current
interaction in the Standard Model is given by
LCC = − g√
2
Wµe¯γ
µPL (Nνm +RNm) + h.c., (8.2.10)
where e denotes the three generations of the charged leptons in the vector form, and PL = 12 (1 − γ5) is the
projection operator. Similarly, the neutral current interaction is given by
LNC = − g
2cw
Zµ
[
νmγ
µPL(N †N )νm +NmγµPL(R†R)Nm +
{
νmγ
µPL(N †R)Nm + h.c.
}]
, (8.2.11)
where cw = cos θw is the weak mixing angle. Because of non-unitarity of the matrix N , N †N 6= 1 and the
flavor-changing neutral current occurs.
The dominant decay modes of the heavy neutrino are N → `W , ν`Z, ν`h and the corresponding partial
decay widths are respectively given by
Γ(N → `W ) = g
2|V`N |2
64pi
(M2N −M2W )2(M2N + 2M2W )
M3NM
2
W
,
Γ(N → ν`Z) = g
2|V`N |2
128pic2w
(M2N −M2Z)2(M2N + 2M2Z)
M3NM
2
Z
,
Γ(N → ν`h) = |V`N |
2(M2N −M2h)2
32piMN
(
1
v
)2
. (8.2.12)
The decay width of heavy neutrino into charged gauge bosons being twice as large as neutral one owing to the
two degrees of freedom (W±). We plot the branching ratios BRi (= Γi/Γtotal) of the respective decay modes
(Γi) with respect to the total decay width (Γtotal) of the heavy neutrino into W , Z and Higgs bosons in Fig. 8.1
as a function of the heavy neutrino mass (MN ). Note that for larger values of MN , the branching ratios can be
obtained as
BR (N → `W ) : BR (N → νZ) : BR (N → νH) ' 2 : 1 : 1. (8.2.13)
8.2.1 Production cross section at LHeC
The LHeC can produce the RHN in the process e p → N1j1 through the t- channel exchanging the W boson.
In this case the first generation RHN (N1) will be produced. The corresponding Feynman diagram is given in
Fig. 8.2. The total differential production cross section for this process is calculated as
dσˆLHeC
d cos θ
=
3.89× 108
32pi
3× 1
3
(1
2
)2(M2inv −M2N
M2N
)
×
256C2`C
2
q
(
M2inv−M2N
4
)
[
M2N − 2
{
M2inv
4
(
1− cos θ
)}
+
M2inv
4
(
1 + cos θ
)]2
+ Γ2WM
2
W
(8.2.14)
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Figure 8.1: Heavy neutrino branching ratios (BRi) for different decay modes are shown with respect to the
heavy neutrino mass (MN ).
where C` = Cq = g
2
3
2
. Performing the integration over cos θ between [−1, 1] we find the cross section as σˆLHeC
and finally convoluting the PDF (CTEQ5M) [559] we get the total cross section as
σ =
∑
i
∫ 1
M2
E2
CM
dx qi(x,
√
xECM ) σˆLHeC(
√
xECM ) (8.2.15)
where ECM is the center of mass energy of the LHeC and i runs over the quark flavors. For different center
of mass energies E will be different. In Fig. 8.3 we plot the total production cross sections of N1 at the three
different collider energies such as
√
s = 318 GeV (HERA),
√
s = 1.3 TeV (LHeC) and
√
s = 1.8 TeV (High
Energy LHeC (HE-LHeC)) respectively. Since we have fixed N = R = 1 in this analysis, the resultant cross
section shown in Fig. 8.3 corresponds to the maximum value for a fixed MN .
8.2.2 Production cross section at linear collider
The linear collider can produce the heavy neutrino in the process e+e− → ν1N1 through t and s-channels
exchanging the W and Z bosons, respectively. The corresponding Feynman diagrams are given in Fig. 8.4. The
total differential production cross section for this process is calculated as
dσILC
d cos θ
= (3.89× 108 pb)× β
32pis
s+M2N
s
(
1
2
)2
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Figure 8.2: Production process, ep→ N1j1 ,of the RHN at the LHeC through a t channel W boson exchange
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Figure 8.3: RHN production cross section at the LHeC considering e p→ N1j process for the e p collider at
√
s = 318 GeV (HERA, top left panel),
√
s = 1.3 TeV (LHeC, top right panel) and
√
s = 1.8 TeV (HE-LHeC,
bottom panel).
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Figure 8.4: RHN production processes at the linear collider. The left panel is the dominant t channel process
and the right panel is s channel process to produce the e+e− → N1ν1. To produce N2ν2 and N3ν3, the Z
mediated s channel process will act.
×
[
16C21C
2
2
(
s2 −M4N
)
(1 + cos θ)(1 + β cos θ)
(M2N − s−M
2
N
2 (1− β cos θ)−M2W )2 +M2WΓ2W
+
(
4(C2Ae + C
2
Ve
)(C2Aν + C
2
Vν
)(1 + β cos2 θ) + 16CAeCVeCAνCVν (1 + β) cos θ
)
(s2 −M4N )
(s−M2Z)2 +M2ZΓ2Z
− 32C21C2Ae(s2 −M4N )(1 + cos θ)(1 + β cos θ)
×
(
M2N − s−M
2
N
2 (1− β cos θ)−M2W
)
(s−M2Z) +MWMZΓWΓZ
((M2N − s−M
2
N
2 (1− β cos θ)−M2W )2 +M2WΓ2W )((s−M2Z)2 +M2ZΓ2Z)
 , (8.2.16)
where β = (s−M2N )/(s+M2N ),
C1 = −C2 = g
2
√
2
, CAν = CVν =
g
4 cos θW
,
CAe =
g
2 cos θw
(
−1
2
+ 2 sin2 θw
)
, CVe = −
g
4 cos θw
. (8.2.17)
The total production cross section for the process e+e− → ν1N1 from the t and s channel processes at the linear
collider at different center of mass energies are shown in Fig. 8.5.
The s channel Z mediated process can produce the second (third) generation of RHNs, N2(N3) in association
with ν2(ν3). The cross sections for different center of mass energies have been given in Fig. 8.6. The cross section
in this mode decreases with the increase in the center of mass energy. Such modes can reach up to a cross section
of 1 pb for MN = 100 GeV at
√
s = 250 GeV. Consider the leading decay mode of the RHN into W and ` (µ, τ)
followed by the hadronic decay of the W could be interesting to probe the corresponding mixing angles.
Since we have fixed N = R = 1 in this analysis, the resultant cross sections shown in Figs. 8.5 and 8.6
correspond to the maximum values for a fixed MN .
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Figure 8.5: RHN production cross section at the linear collider considering e+e− → N1ν1 process at the
different center of mass energies.
s =250 GeV
s =350 GeV
s =500 GeV
100 200 300 400 500
0.001
0.010
0.100
1
10
100
1000
MN[GeV]
σ[fb]
s =750 GeV
s =1 TeV
s =3 GeV
500 1000 1500 2000 2500 3000
10-4
0.001
0.010
0.100
1
10
100
MN[GeV]
σ[fb]
Figure 8.6: RHN production cross section at the linear collider considering e+e− → N2ν2 (N3ν3) process at
the different center of mass energies from the s channel Z boson exchange.
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Figure 8.7: e+ J + j1 final state at the LHeC and HE-LHeC.
8.3 Collider Analysis
We implement our model in FeynRules [560], generate the UFO file of the model for MadGraph5-aMC@NLO
[561] to calculate the signals and the backgrounds. Further we use PYTHIA6 [562] for LHeC as used in [553]
and PYTHIA8 [563] for the linear colliders, where subsequent decay, initial state radiation, final state radiation
and hadronisation have been carried out. We have indicated in [480,481] that if the RHNs are sufficiently heavy,
the daughter particles can be boosted. We prefer the hadronic decay mode of the W where the jets can be
collimated so that we can call it a fat-jet (J). Such a topology is very powerful to discriminate the signal from
the SM backgrounds. We perform the detector simulation using DELPHES version 3.4.1 [564]. The detector
card for the LHeC has been used from [565]. We use the ILD card for the linear collider. In our analysis the
jets are reconstructed by Cambridge-Achen algorithm [566,567] implemented in Fastjet package [568,569] with
the radius parameter as R = 0.8.
We study the production of the first generation RHN (N1) and its subsequent leading decay mode (e p →
N1 j1, N1 →We,W → J) at the LHeC with
√
s = 1.3 TeV and 1.8 TeV center of mass energies. The correspond-
ing Feynman diagram is given in Fig. 8.7. We also study the RHN production at the linear collider (International
Linear Collider, ILC) at
√
s = 1 TeV and CLIC at
√
s = 3 TeV collider energies. However, for simplicity we
will use the term linear collider unanimously. At the linear collider we consider two sets of signals after the
production of the RHN, such that, e+ e− → N1 ν,N1 → We,W → J and e+ e− → N1 ν,N1 → hν, h → Jb
where Jb is a fat b-jet coming from the boosted SM Higgs decay in the dominant mode. For the two types of
colliders we consider 1000 fb−1 luminosity. The corresponding Feynman diagrams are given in Fig. 8.8. For the
analysis of signal and background events we use the following set of basic cuts,
1. Electrons in the final state should have the following transverse momentum (peT ) and pseudo-rapidity
(|ηe|) as peT > 10 GeV, |ηe| < 2.5.
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Figure 8.8: e+ J + pmissT and Jb + p
miss
T final states at the linear colliders.
2. Jets are ordered in pT , jets should have p
j
T > 10 GeV and |ηj | < 2.5.
3. Photons are counted if pγT > 10 GeV and |ηγ | < 2.5.
4. Leptons should be separated by ∆R`` > 0.2.
5. The leptons and photons are separated by ∆R`γ > 0.3.
6. The jets and leptons should be separated by ∆R`j > 0.3.
7. Fat Jet is constructed with radius parameter R = 0.8.
8.3.1 LHeC analysis for the signal e−p→ jN1 → e± + J + j1
Producing N1 at the LHeC and followed by its decay into leading mode to study the boosted objects, we consider
the final state e± + J + j1. In this case we have two different processes, one is them is the e+ + J + j1 and the
other one is e− + J + j1. The first one is the Lepton Number Violating (LNV) channel and the second one is
the Lepton Number Conserving (LNC). At the time of showing the results we combine LNV and LNC channels
to obtain the final state as e± + J + j1.
The LNV signal is almost background free until some e++jets events appear from some radiations, however,
that effect will be negligible. Therefore for completeness we include the LNC channel where the leading SM
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Figure 8.9: Transverse momentum distribution of the associated jet (pj1T ) from the signal and background
events for MN = 600 GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and MN = 900 GeV and 1 TeV
at the
√
s = 1.8 TeV LHeC (right panel)
backgrounds will come from e−jjj, e−jj and e−j including initial state and final state radiations. For com-
pleteness we include both of the LNV and LNC channels. Further we use the fat-jet algorithm to reduce the SM
backgrounds. We have shown the distributions of the transverse momentum of the leading jet (pj1T ), lepton (p
e
T )
and fat-jet (pJT ) in Figs.8.9-8.11. The fat-jet mass distribution (MJ) has been shown in Figs.8.12. The invariant
mass distribution of the lepton and fat-jet system (MeJ) has been shown in Fig. 8.13. We have also compared
the signals with the corresponding SM backgrounds. As a sample we consider MN = 600 GeV and 700 GeV for
√
s = 1.3 TeV LHeC and MN = 900 GeV, 1 TeV at
√
s = 1.8 TeV HE-LHeC as shown in Figs.8.9-8.13.
We have chosenMN = 400 GeV- 900 GeV for the 1.3 TeV LHeC andMN = 800 GeV- 1.5 TeV for the 1.8 TeV
HE-LHeC. As benchmark points we have chosen MN = 600 GeV, 700 GeV at the 1.3 TeV LHeC and MN = 900
GeV, 1.0 TeV at the 1.8 TeV HE-LHeC after the basic cuts. In view of the distributions in Figs.8.9-8.13, we
have used the following advanced selection cuts to reduce the backgrounds:
A Advanced cuts for MN = 400 GeV -900 GeV at the
√
s = 1.3 TeV LHeC after the detector
simulation
• Transverse momentum for lepton and jet, pe
±
T > 50 GeV.
• Transverse momentum for fat-jet pJT > 175 GeV.
• Fat-jet mass MJ > 70 GeV.
• Invariant mass window of e± and fat-jet J , |MeJ −MN | ≤ 20 GeV.
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Figure 8.10: Transverse momentum distribution of the electron (peT ) from the signal and background events
for MN = 600 GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and MN = 900 GeV and 1 TeV at the
√
s = 1.8 TeV HE-LHeC (right panel)
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Figure 8.11: Transverse momentum distribution of the fat jet (pJT ) from the signal and background events for
MN = 600 GeV and 700 GeV at the
√
s = 1.3 TeV LHeC (left panel) and MN = 900 GeV and 1 TeV at the
√
s = 1.8 TeV HE-LHeC (right panel).
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Figure 8.12: Jet mass (MJ) distribution of the fat jet from the signal and background events for MN = 600
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Figure 8.13: Invariant mass distribution of the fat jet and electron system (MeJ) from the signal and back-
ground events for MN = 600 GeV and 700 GeV at the
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We have noticed that MJ > 70 GeV cuts out the low energy peaks (MJ ≤ 25 GeV) which come from the
hadronic activity of the low energy jets. Similarly, the pJT and p
e
T cuts are also very effective. Due to the
presence of the RHN, these distributions from the signal will be in the high values than the SM backgrounds.
Therefore selecting such cuts at high values, as we have done here, will be extremely useful to reduce the SM
backgrounds.
We have noticed that ej background can completely be reduced with the application of the kinematic cuts on
peT , p
J
T andMJ . It is difficult to obtain a fat jet from this process because the t channel exchange of the Z boson
and photon will contribute to this process, however, the other low-energy jets may come from the radiations
at the initial and final states. These jets do not help to make the fat jets sufficiently energetic. Therefore
pJT > 175 GeV (p
J
T > 400 GeV) at the LHeC (HE-LHeC) are very useful. Similarly the ejjj is the irreducible
background in this case which will contribute most among the backgrounds. Whereas ejj is the second leading
background in this case. However, both of these backgrounds can be reduced using the invariant mass cut of
the RHN. As the RHN will decay according to N → eJ , therefore the invariant mass of the eJ system with an
window of 20 GeV (|MeJ −MN | ≤ 20 GeV) will be extremely useful to reduce the backgrounds further in these
colliders. In Tab. 8.1 we have given the two benchmark scenarios at the 1.3 TeV LHeC where the signal events
are normalized by the square of the mixing.
Cuts Signal Background Total
MN1 = 600 GeV MN1 = 700 GeV ejjj ejj
Basic Cuts 645,860 261,254 70,029,800 189,689,000 259,718,800
pJT > 175 GeV 476,640 214,520 295,658 338,720 634,378
MJ > 70 GeV 356,350 160,017 35,244 17,520 52,764
peT > 50 GeV 356,126 159,918 33,286 17,520 50,806
|MeJ −MN | ≤ 20 GeV 304,457 129,690 7 1 8
Table 8.1: Cut flow of the signal and background events for the final state e± + J + j1 for MN = 600 GeV
and 700 GeV with
√
s = 1.3 TeV LHeC where the signal events are normalized by the square of the mixing.
B Advanced cuts for MN = 800GeV− 1.5 TeV at the
√
s = 1.8 TeV HE-LHeC after the detector
simulation
• Transverse momentum for lepton, pe
±
T > 250 GeV.
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• Transverse momentum for fat-jet pJT > 400 GeV.
• Fat-jet mass MJ > 70 GeV.
• Invariant mass window of e± and fat-jet J , |MeJ −MN | ≤ 20 GeV.
Cuts Signal Background Total
MN1 = 900 GeV MN1 = 1 TeV ejjj ejj
Basic Cuts 427,311 207,015 108,243,000 273,410,000 381,653,000
pJT > 400 GeV 158,694 110,289 12,225 12,450 24,675
MJ > 70 GeV 145,558 96,787 4,596 4,150 8,746
peT > 250 GeV 144,997 96,487 4,596 4,150 8,746
|MeJ −MN | ≤ 20 GeV 119,659 71,490 3 1 4
Table 8.2: Cut flow of the signal and background events for the final state e± + J + j1 for MN = 900 GeV
and 1.0 TeV with
√
s = 1.8 TeV HE-LHeC where the signal events are normalized by the square of the mixing.
We have chosen MN = 900 GeVand 1 TeV at the
√
s = 1.8 TeV HE-LHeC. The corresponding signals
normalized by the square of the mixing and the SM backgrounds are listed in Tab. 8.2. Due to the heavier mass
range of the RHN, we have chosen stronger cuts for the transverse momenta of the electron and fat-jet which
became useful to reduce the backgrounds.
8.3.2 Linear collider analysis for the signal e± + J + pmissT
In linear collider we study e± + J + pmissT signal from the leading decay mode of the RHN at the 1 TeV and
3 TeV center of mass energy. The corresponding distributions for two benchmark points for MN = 500 GeV,
800 GeV at
√
s = 1 TeV and MN = 800 GeV, 2 TeV at
√
s = 3 TeV linear colliders are given in Figs.8.14-8.18
after the basic cuts. We perform a complete cut based analysis for the signal and the SM backgrounds. In this
process we have νeeW as the leading background where as WW , ZZ and tt¯ are other important backgrounds.
We have shown the missing momentum (pmissT ), transverse momenta of the electron p
e
T and fat-jet p
J
T
in Figs. 8.14-8.16 for the linear colliders. The fat-jet mass MJ distribution has been shown in Fig. 8.17. We
construct the polar angle variable in Fig. 8.18 for the electron (fat jet), cos θe(cos θJ) where θe(J) = tan−1
[
p
e(J)
T
p
e(J)
z
]
,
where pe(J)z is the z component of the three momentum of the electron (fat jet). This is a very effective cut which
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Figure 8.14: Missing momentum distribution of the signal and background events for MN = 500 GeV and
800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at the
√
s = 3 TeV (right panel) linear
colliders.
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Figure 8.15: Transverse momentum distribution of the electron (peT ) from the signal and background events
for MN = 500 GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at the
√
s = 3
TeV (right panel) linear colliders.
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Figure 8.16: Transverse momentum distribution of the fat jet (pJT ) from the signal and background events for
MN = 500 GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at the
√
s = 3 TeV
linear colliders.
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Figure 8.17: Jet mass (MJ) distribution of the fat jet from the signal and background events for MN = 500
GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at the
√
s = 3 TeV (right
panel) linear colliders.
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Figure 8.18: cos θJ(e) distributions for the J(e) in the first row (second row) for the 1 TeV (left column) and
3 TeV (right column) linear colliders.
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reduces the SM background significantly. In view of these distributions, we have used the following advanced
selection cuts to reduce the backgrounds:
A Advanced cuts for MN = 400 GeV-900 GeV at the
√
s = 1 TeV linear collider after the detector
simulation
• Transverse momentum for fat-jet pJT > 150 GeV for MN mass range 400 GeV-600 GeV and p
J
T > 250 GeV
for MN mass range 700 GeV-900 GeV.
• Transverse momentum for leading lepton pe
±
T > 100 GeV for MN mass range 400 GeV-600 GeV and
pe
±
T > 200 GeV for MN mass range 700 GeV-900 GeV.
• Polar angle of lepton and fat-jet |cos θe| < 0.85, |cos θJ | < 0.85.
• Fat-jet mass MJ > 70 GeV.
We have tested MN = 400 GeV to 900 GeV at the
√
s = 1 TeV at the linear collider. Hence we consider two
benchmark points at the
√
s = 1 TeV linear collider such as MN = 500 GeV and 800 GeV. The cut flow for the
√
s = 1 TeV are given in the Tabs. 8.3 and 8.4 respectively. We have noticed that cos θe(J) is a very important
kinematic variable and setting | cos θe(J)| < 0.85 puts a very strong cut for the SM backgrounds. The MJ > 70
GeV is also effective to cut out the low mass peaks (1 GeV ≤MJ ≤ 25 GeV ) from the low energy jets.
Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 12,996,200 201,586 72,244 7,200 4,300 285,330
|cos θJ | ≤ 0.85 12,789,800 148,802 44,910 3,800 4,100 201,600
|cos θe| ≤ 0.85 12,671,800 79,008 40,574 2,800 3,900 126,280
pJT > 150 GeV 12,308,300 70,669 40,490 2,300 3,200 116,660
MJ > 70 GeV 10,923,100 62,303 37,043 2,100 2,300 103,700
p`T > 100GeV 10,714,500 57,076 33,488 1,400 1,530 93,400
Table 8.3: Cut flow for the signal and background events for the final state e±+J + pmissT for MN = 500 GeV
at the
√
s = 1 TeV linear collider. The signal events are normalized by the square of the mixing.
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Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 8,684,990 201,586 72,244 7,200 4,300 285,330
|cos θJ | ≤ 0.85 8,649,570 148,802 44,910 3,800 4,100 201,600
|cos θe| ≤ 0.85 8,618,420 79,008 40,574 2,800 3,900 126,280
pJT > 250 GeV 7,681,440 59,001 40,329 2,303 2,720 104,354
MJ > 70 GeV 7,176,280 53,990 36,997 2,187 2,282 95,437
p`T > 200GeV 7,080,200 38,729 26,208 942 613 66,493
Table 8.4: Cut flow for the signal and background events for the final state e±+J + pmissT for MN = 800 GeV
at the
√
s = 1 TeV linear collider. The signal events are normalized by the square of the mixing.
B Advanced cuts for MN = 700 GeV-2.9 TeV at the
√
s = 3 TeV linear collider after the detector
simulation
• Transverse momentum for fat-jet pJT > 250 GeV for the MN mass range 700 GeV-900 GeV and p
J
T > 400
GeV for MN mass range 1− 2.9 TeV.
• Transverse momentum for leading lepton pe
±
T > 200 GeV forMN mass range 700−900 GeV and pe
±
T > 250
GeV for MN mass range 1− 2.9 TeV.
• Polar angle of lepton and fat-jet |cos θe| < 0.85, |cos θJ | < 0.85.
• Fat-jet mass MJ > 70 GeV.
We have tested MN = 700 GeV to 2.9 TeV at the
√
s = 3 TeV at the linear collider. Hence we consider two
benchmark points at the
√
s = 3 TeV linear collider such as MN = 800 GeV and 2 TeV. The cut flow for the
benchmark points at the
√
s = 3 TeV are given in the Tabs. 8.5 and 8.6 respectively. At the 3 TeV we see almost
the same behavior for the kinematic variables as we noticed at the 1 TeV case except the pT distributions of
the electron and fat jet. At this point we must mention that the backgrounds like ZZ and tt¯ can have more
than one lepton in the final state which has been efficiently vetoed to reduce the effect.
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Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 21,789,900 193,533 12,135 1,361 271 207,301
|cos θJ | ≤ 0.85 13,599,300 126,980 4,766 406 215 132,367
|cos θe| ≤ 0.85 12,163,300 21,110 4,609 390 195 26,304
pJT > 250 GeV 12,083,500 18,619 4,607 390 189 23,807
MJ > 70 GeV 11,287,000 17,442 4,411 385 176 22,416
p`T > 200GeV 11,094,300 16,915 4,108 343 104 21,470
Table 8.5: Cut flow for the signal and background events for the final state e±+J + pmissT for MN = 800 GeV
at the
√
s = 3 TeV linear collider. The signal events are normalized by the square of the mixing.
Cuts Signal Background Total
νeeW WW ZZ tt¯
Basic Cuts 13,822,500 193,533 12,135 1,382 271 207,322
|cos θJ | ≤ 0.85 12,701,600 126,980 4,766 412 215 132,374
|cos θe| ≤ 0.85 12,647,200 21,110 4,609 396 195 26,310
pJT > 400 GeV 12,611,000 15,737 4,605 396 184 20,923
MJ > 70 GeV 12,015,600 14,889 4,410 391 175 19,865
p`T > 250GeV 11,987,000 14,184 4,010 336 10 18,630
Table 8.6: Cut flow for the signal and background events for the final state e± + J + pmissT for MN = 2 TeV
at the
√
s = 3 TeV linear collider. The signal events are normalized by the square of the mixing.
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8.3.3 Linear collider analysis for the signal Jb + pmissT
Considering the N → hν, h→ Jb mode at the linear collider we obtain the Jb + pmissT final state. For this final
state the dominant SM backgrounds come from the processes hν`ν¯` and Zν`ν¯`. Backgrounds can also come
from the intermediate processes ZZ and ZH. We have generated the background events combining all these
processes in MadGraph for our analysis.
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Figure 8.19: pmissT distribution of the signal and background events for MN = 700 GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV (right panel) linear colliders.
In Figs.8.19, 8.20 and 8.21, we plot the missing momentum (pmissT ), transverse momentum of the fat-b jet
pJbT and jet mass of the fat-b jet (MJb) distributions for MN = 700 GeV and 800 GeV at the
√
s = 1 TeV linear
collider and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV linear collider. In view of these distributions, we have
used the following advanced selection cuts to reduce the SM background:
A Advanced cuts for MN = 400 GeV- 900 GeV at the
√
s = 1 TeV linear collider after the detector
simulation
• Transverse momentum for Jb, pJbT > 250 GeV.
• Fat-b mass, MJb > 115 GeV.
• Missing energy, pmissT > 150 GeV.
We consider two benchmark points such as MN = 700 GeV and 800 GeV at the 1 TeV linear collider to
produce the boosted Higgs from RHNs. The cut flow has been shown in Tab. 8.7. The b-jets are coming from
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Figure 8.20: Transverse momentum distribution of Jb (pJbT ) from the signal and background events for MN =
700 GeV and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV (right
panel) linear colliders.
the SM h as the MJb distribution peaks at the Higgs mass for the signal at the linear colliders. As a result
MJb > 115 GeV sets a strong cut on the SM backgrounds.
Cuts Signal Background
MN = 700 GeV MN = 800 GeV
Basic Cuts 1,288,150 1,248,340 19,300
pmissT > 150 GeV 1,239,440 1,223,480 8,373
pJbT > 250 GeV 1,100,790 1,153,650 4,239
MJb > 115 GeV 609,330 661,258 855
Table 8.7: Cut flow for the signal and background events for the final state Jb + pmissT for MN = 700 GeV and
800 GeV at the
√
s = 1 TeV linear collider. The signal events are normalized by the square of the mixing.
B Advanced cuts for the MN = 1 TeV -2.9 TeV for the
√
s = 3 TeV linear collider
• Transverse momentum for fat-b (Jb), pJbT > 350 GeV.
• Fat-b mass, MJb > 115 GeV.
• Missing energy, pmissT > 175 GeV.
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Figure 8.21: Fat b-Jet mass (MJb) distribution from the signal and background events for MN = 700 GeV
and 800 GeV at the
√
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the
√
s = 3 TeV (right panel)
linear colliders.
We consider two benchmark points such as MN = 1.5 TeV and 2 TeV at the 3 TeV linear collider for the
boosted Higgs production from the RHN. The cut flow has been shown in Tab. 8.8. The b-jets are coming from
the SM h as the MJb distribution peaks at the Higgs mass for the signal at the linear colliders. As a result
MJb > 115 GeV sets a strong cut on the SM backgrounds. We also consider a strong p
Jb
T > 350 GeV cut for the
high mass RHNs at the 3 TeV collider. In this work, we adopt a minimalistic approach and consider a flat 70%
Cuts Signal Background
MN = 1.5 TeV MN = 2 TeV
Basic Cuts 5,077,160 4,043,130 74,245
pmissT > 175 GeV 5,005,240 4,011,420 39,231
pJbT > 350 GeV 4,731,550 3,902,490 15,327
MJb > 115 GeV 2,961,620 2,479,960 3,740
Table 8.8: Cut flow for the signal and background events for the final state Jb + pmissT for MN = 1.5 TeV and
2 TeV at the
√
s = 3 TeV linear collider. The signal events are normalized by the square of the mixing.
tagging efficiency for each of the daughter b jets coming from the Higgs decay.
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8.4 Current bounds
The bounds on the light-heavy neutrino mixing for the electron flavor comes from a variety of searches. As we are
interested on the RHN of mass MN ≥ 100 GeV, therefore we will compare our results with such bounds which
are important for that mass range. The Electroweak Precision Data (EWPD) bounds have been calculated
in [570–572] which obtains the bound on |VeN |2 as 1.681× 10−3 at the 95% C. L., the LEP2 [573], calculated at
the 95% C.L., bounds are rather weaker exceptMN = 108 GeV where it touches the EWPD line. The strongest
bounds are coming from the GERDA [574] 0ν2β study where the limits as calculated in [479] up to MN = 959
GeV. The lepton universality limits from [575] set bounds on |VeN |2 at 6.232× 10−4 up to MN = 1 TeV at the
95% C. L. These bounds are plotted in Figs. 8.22 -8.27.
Apart from the above mentioned indirect searches, the recent collider searches for the LHC also set bounds
|VeN |2 at the
√
s = 8 TeV at 95% C. L. from same sign dilepton plus dijet search. The bounds on |VeN |2 from
ATLAS (ATLAS8-ee) [576] and CMS (CMS8 − ee) [577] are obtained at 23.3 fb−1 and 19.7 fb−1 luminosities
respectively for the e±e±+2j sample. The ATLAS limit is weaker than the CMS limits for 100 GeV ≤MN ≤ 500
GeV. The LHC has also published the recent results at
√
s = 13 TeV with 35.9 fb−1 luminosity which set stronger
bounds on |VeN |2 than the previous direct searches for 100 GeV ≤MN ≤ 500 GeV. The bounds on |VeN |2 from
the e±e± + 2j signal in CMS (CMS13-ee) [578] and from trilepton search at CMS (CMS13-3`) [579] are also
competitive, however, weaker than the EWPD for 100 GeV ≤ MN ≤ 1.2 TeV. These limits are also plotted in
Figs. 8.22 -8.27.
We have explored that at the LHeC with
√
s = 1.3 TeV collider energy and 1 ab−1 luminosity, the bound on
|VeN |2 for MNN = 600 GeV with 1-σ C.L. is better than the 0ν2β limit from GERDA-low where as MN ≥ 959
GeV at 1-σ limit can be probed better than the GERDA-low and high limit [479,574]. The GERDA limits are
stronger for the MN benchmarks we have studied. The results have been shown in Fig. 8.22. In the same figure
we show the bounds obtained from the HE-LHeC with
√
s = 1.8 TeV collider energy and 1 ab −1 luminosity.
In this case the current GERDA bounds are stronger up to MN = 959 GeV [479, 574]. At the HE-LHeC RHN
up to MN = 1.2 TeV can be probed at 5-σ and these bounds could be stronger than the limits obtained from
the EWPD-e limit [570–572].
At the linear collider we have explored two sets of signals. one is the e + J + pmissT and the other one is
Jb + p
miss
T . Using e + J + p
miss
T signal at the 1 TeV linear collider we have probed RHNs between 400 GeV
≤ MN ≤ 900 GeV at 5-σ but the 0ν2β limit from GERDA [479] is stronger than this result for MN ≤ 959
GeV, however, the bounds on |VeN |2 for the RHNs heavier than 1 TeV can be probed at 5-σ significance or
more at the linear collider with the 3 TeV center of mass energy. In this case apart from the fat jet properties,
the polar angle cut for the leptons worked nicely. Using the Jb + pmissT signal we did a complementarity check
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Figure 8.22: The prospective upper limits on |VeN |2 at the 1.3 TeV LHeC (blue band) and 1.8 TeV HE-LHeC
(red band) at the 1 ab−1 luminosity compared to EWPD [570–572], LEP2 [573], GERDA [574] 0ν2β study
from [479], ATLAS (ATLAS8-ee) [576], CMS (CMS8 − ee) [577] at the 8 TeV LHC, 13 TeV CMS search for
e±e± + 2j (CMS13-ee) [578] and 13 TeV CMS search for 3` (CMS13-ee) [578] respectively.
where MN ≥ 1 TeV can be probed better than GERDA [479] at 5-σ significance or more at the 3 TeV linear
collider. Finally, the linear collider can probe |VeN |2 down to O(10−5) for MN = 1.35 TeV at 3 TeV, however,
at 1 TeV the bounds will be little bit weaker. The corresponding bounds at the
√
s = 1 TeV and 3 TeV linear
collider are plotted in Figs. 8.24 and 8.26. The red (blue) band represents the bounds on |VeN |2 at 1 TeV (3
TeV) linear collider at different confidence levels. Comparing the bounds between the final states e+ J + pmissT
and Jb + pmissT we find that the former one puts slightly stronger limits on |VeN |2.
8.5 Conclusion
We have studied the RHNs which can be responsible for the generation of the tiny light neutrino masses. We
have calculated the production cross sections for the RHNs at the LHeC and linear collider at various center
of mass energies and followed by that we have tested the discovery prospects of this RHNs. We have chosen
√
s = 1.3 TeV and 1.8 TeV for the LHeC and
√
s = 1 TeV and 3 TeV for the linear collider. We have considered
the sufficiently heavy mass range of the RHNs. These RHNs can decay dominantly into `W mode. A massive
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Figure 8.23: Same as Fig. 8.22 with 3 ab−1 luminosity at the 1.3 TeV LHeC and 1.8 TeV HE-LHeC.
RHN can sufficiently boost the W such that its hadronic decay modes can form a fat-jet. Therefore we study
e+j1+J and e+J+pmissT at the LHeC and linear collider respectively. Similarly we consider another interesting
mode N → hν, h → bb where a boosted SM Higgs can produce a fat b-jet and test the Jb + pmissT final state
at the linear collider. Simulating the events and passing through the selection cuts for the different colliders
we calculate the bounds on |VeN |2 at different luminosities and compare with the existing bounds. Hence we
conclude that MN ≥ 959 GeV can be successfully probed at the 1.8 TeV at the at 5-σ C. L. with 1 ab−1 and 3
ab−1 luminosities respectively. Whereas MN ≤ 2.9 TeV can be probed at the 3 TeV linear collider with more
than 5-σ C.L using the e+ J + pmissT signal. A complementary signal of Jb + p
miss
T can be useful, too but this
is weaker than the bounds obtained by the e+ J + pmissT final state.
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Figure 8.24: The prospective upper limits on |VeN |2 at the 1 TeV (red band) and 3 TeV (blue band) linear
colliders at the 1 ab−1 luminosity for e+ J + pmissT signal compared to EWPD [570–572], LEP2 [573], GERDA
[574] 0ν2β study from [479], ATLAS (ATLAS8-ee) [576], CMS (CMS8 − ee) [577] at the 8 TeV LHC, 13 TeV
CMS search for e±e± + 2j (CMS13-ee) [578] and 13 TeV CMS search for 3` (CMS13-ee) [578] respectively.
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Figure 8.25: Same as Fig. 8.24 with 3(5) ab−1 luminosity at the 1(3) TeV linear collider.
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Figure 8.26: The prospective upper limits on |VeN |2 at the 1 TeV (red band) and 3 TeV (blue band) linear
colliders at the 1 ab−1 luminosity for Jb+pmissT signal compared to EWPD [570–572], LEP2 [573], GERDA [574]
0ν2β study from [479], ATLAS (ATLAS8-ee) [576], CMS (CMS8 − ee) [577] at the 8 TeV LHC, 13 TeV CMS
search for e±e± + 2j (CMS13-ee) [578] and 13 TeV CMS search for 3` (CMS13-ee) [578] respectively.
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Figure 8.27: Same as Fig. 8.26 with 3(5) ab−1 luminosity at the 1(3) TeV linear collider.
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CHAPTER  IX
NEUTRINO MASS GENERATION AT TEV SCALE AND NEW PHYSICS SIGNATURES 
FROM CHARGED HIGGS AT THE LHC FOR PHOTON INITIATED PROCESSES
9.1 Introduction
Evidence of physics beyond the Standard Model (SM) have essentially come from one of the most important 
discoveries namely, the discovery of non-zero tiny neutrino masses. In this paper, we consider a model which 
naturally accommodate small neutrino masses arising from dimension-7 operators. In order to realize TeV scale 
seesaw mechanism for the neutrino masses, the model includes a scalar quadruplet and a pair of vector-like 
fermion triplets. The characteristic signatures of this model at the hadron collider experiments like the Large 
Hadron Collider (LHC), arise from the production and decay of the triply- and doubly- charged scalars of the 
scalar quadruplet. In particular, the observation of a triply-charged scalar at the LHC would establish this type 
of seesaw mechanism as the most promising framework for generating neutrino masses. The charged scalars, 
in the framework of this model, dominantly decays into charged SM leptons and thus, result into tantalizing 
same-sign multi-lepton final s tate a t t he LHC.
The ATLAS and CMS collaborations at the LHC have already performed dedicated searches [812–815, 838] 
for like-sign dilepton as a signatures of a doubly charged scalar (∆±±). In absence of any significant deviation 
of data from the SM prediction, bounds are imposed on the mass of ∆±± as a function of its decay into lepton 
pairs. For example, a search [812] for anomalous production of like-sign lepton (electron and muon only) pairs, 
arise from the production and decay of a doubly charged scalar, ∆±±, was performed by ATLAS collaboration 
with 20.3 fb−1 of 8 TeV proton-proton collision data. Assuming 100% branching ratio (BR) of ∆±± into a 
pair of leptons of a given flavor, a  9 5% C L  l ower l i mit o f  4 6 5–550 ( 3 70–435) G eV ( d epending o n  t h e lepton 
flavour) i n  t h e c o ntext o f  l e ft-right s y mmetry w a s o b tained o n  t h e m a ss o f  l e ft-(right-)handed ∆  ± ±. CMS 
collaboration [814, 838] with 4.93 fb−1(19.7 fb−1) integrated luminosity of collected data at the LHC with 7(8) 
TeV center of mass energy had excluded doubly charged scalar mass below 169–395 (251–530) GeV. The range 
corresponds to 100% BR into different combinations of same-sign di-lepton flavours i n  t h e fi na l st at e, i.e., 
e±e±, e±µ±, e±τ±, µ±µ±, µ±τ± and τ±τ±. More stringent limits [815] i.e., 380 (530) GeV for ∆±± decaying
into a pair of electrons with 50% BR, are now available from the LHC with 13 TeV center of mass energy and
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13.9 fb−1 integrated luminosity.
Quadruplet scalars, being charged under the SM gauge group, couple to photon and the SM electroweak
(EW) gauge bosons (Z and W±). Therefore, these scalars are produced in pairs at the LHC from quark anti-
quark initial state via a γ/Z/W± exchange in the s-channel namely, via the Drell-Yan (DY) process. The
experimental limits, discussed in the previous paragraph, are obtained assuming DY pair production of doubly
charged scalars. However, charged scalars are also produced via t(u)-channel photon-photon fusion process.
Photon density1 being significantly smaller than the quark and gluon densities, photon fusion contribution to
the pair-production of charged scalars was neglected in the literature [587, 616] as well as by the experimental
groups [812–815, 838]. However, photon coupling to a pair of charged scalar being proportional to the charge
of the scalar, parton level photon fusion cross-sections are enhanced by a factor of 24 and 34 for the doubly
and triply charged scalars, respectively. Moreover, photon fusion being a t(u)-channel process, falls slowly with
parton center of mass energy (
√
sˆ) compared to the s-channel DY process. Therefore, for larger masses of
doubly and triply charged scalars, photon fusion production could be significant compared to the conventional
DY production.
In this work, we have performed a comparative study of DY and photon fusion pair-production of multi
charged scalars at the LHC with 13 TeV center of mass energy. And shown for the first time, that the pair
production of triply and doubly charged scalars via the photon fusion contributes at a level comparable to the
DY-process for large scalar masses. As a consequence, all the LHC search results for charged scalars change
dramatically after consideration of photon initiated processes. In the context of present model, we obtained
bound on the mass of doubly charged quadruplet scalar from the LHC doubly charged scalar search results and
hence, excluded some parts of parameter space. We also studied the production and decay of triply charged
scalars at 13 TeV LHC.
This paper is organized as follows. In section 12.2, we discuss about the model and neutrino masses. In
section 12.4, we briefly discuss the production and decay modes of doubly and triply charged scalars, derive the
exclusion limit on the doubly charged scalar mass and hence, on the parameter space, from the LHC 13 TeV
results and analyze the characteristic collider signatures of these scalars at the future runs of the LHC. In the
last part of section 3, we briefly discussed the possible collider signatures of the triplet leptons (Σ and Σ¯) which
are an integral part of this model. We finally conclude in section 9.4.
1The inclusion of the photon as a parton inside the proton, with an associated parton distribution function (PDF) is required
to include next-to-leading order (NLO) QED corrections. Since α2S is of the same order of magnitude as αEM and in the era
of precision phenomenology at the LHC when the PDFs are already determined upto NNLO in QCD, consistency of calculations
require PDFs which are corrected atleast upto NLO QED.
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9.2 Model and Formalism
In order to realize see-saw mechanism for generating tiny neutrino masses, in addition to the usual SM matter
fields, the model [615] includes two vector-like SU(2)L triplet leptons (Σ and Σ¯) and an isospin 3/2 scalar (∆)
in the framework of the SM gauge symmetry SU(3)C×SU(2)L×U(1)Y . The particle contents along with their
quantum numbers are shown in the Table 10.1.
SU(3)C × SU(2)L × U(1)Y
Fermions :
u
d

L
∼ (3, 2, 13 ), uR ∼ (3, 1, 43 ), dR ∼ (3, 1,− 23 )
νe
e

L
∼ (1, 2,−1), eR ∼ (1, 1,−2),
Σ ≡

Σ++
Σ+
Σ0
 ∼ (1, 3, 2), Σ¯ ≡

Σ¯0
Σ¯−
Σ¯−−
 ∼ (1, 3,−2)
Gauge : Gµa,a=1−8, A
µ
i,i=1−3, B
µ
Higgs : H ≡
φ+
φ0
 ∼ (1, 2, 1), ∆ ≡

∆+++
∆++
∆+
∆0

∼ (1, 4, 3).
Table 9.1: Fermion, gauge and Higgs contents of the model.
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The most general renormalizable scalar potential consistent with scalar spectrum of this model is given by,
V (H,∆) = µ2HH
†H + µ2∆∆
†∆ +
λ1
2
(H†H)2 +
λ2
2
(∆†∆)2
+λ3(H
†H)(∆†∆) + λ4(H†τaH)(∆†Ta∆) + {λ5H3∆? + h.c.},
(9.2.1)
where τa and Ta are the generators of SU(2) in the doublet and four-plet representations, respectively.
Figure 9.1: Contour plot for M∆ in λ5 − tanα plane. Mass scale for different color shaded regions is shown
in the right side of the figure. Black shaded zone is excluded by current experimental limit.
The EW symmetry is broken spontaneously once the Higgs acquires the vacuum expectation value (V EV ),
vH . As was shown in [615], even with positive µ∆2, due to the λ5 term in the potential, the neutral component of
∆ acquires an induced VEV at the tree level, v∆ = −λ5v3/M2∆. The v∆ gets constrained from the ρ parameter
which gets modified as ρ ≈ (1 − 6v2∆/v2H) and it requires v∆ to be less than 2 GeV in order to satisfy the
experimental limit [589]. The masses of neutral (M∆) and charged (M∆i) component of isospin-3/2 scalars are
given by [590,615]
M2∆ = µ
2
∆ + λ3v
2
H +
3
4
λ4v
2
H ,
M2∆i = M
2
∆ − qi
λ4
2
v2H , (9.2.2)
where qi is the (non-negative) electric charge of the respective field. The mass splittings are equally spaced and
there are two possible mass orderings. For λ4 positive, we have the ordering M∆+++ < M∆++ < M∆+ < M∆0
and for λ4 negative, we have the orderingM∆+++ > M∆++ > M∆+ > M∆0 . Due to the λ5 term in the potential,
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there will be small mixing (α) between SM Higgs and ∆ and it is given by
tan 2α =
3λ5v
2
H√
(M2∆ −M2h)2 − 9λ25v4H
. (9.2.3)
A contour plot for the mass M∆ in mixing-coupling plane is shown in Figure 9.1. The mixing parameter α can
be constrained from current experimental limit [591] and it is shown by black shaded zone in Figure 9.1.
9.2.1 Origin of Neutrino Masses
Neutrino masses arise [615] from the following Yukawa interactions involving the heavy leptons Σ and Σ¯:
Lν−mass = YiLCiaaa
′
Σa′bH
∗b + Y iLCia
aa′∆a′bc
bb′cc
′
Σ¯b′c′ +MΣΣCab
aa′bb
′
Σ¯a′b′ + h.c., (9.2.4)
where Yi, Y i are Yukawa couplings, i is the generation index and C denotes charge conjugation. In the above,
we have used the tensor notation (see e.g. Ref. [592]) to write down the triplets and quadruplet. a, b and c are
SU(2) indices which are summed over from 1 to 2. ab is a anti-symmetric rank-2 tensor with 12 = 1 whereas,
Σab(Σ¯ab) and ∆abc are total symmetric rank-2 and rank-3 tensors, respectively with the following definitions:
• Σ11 = Σ++, Σ12 = Σ+/
√
2 and Σ22 = Σ0
• Σ¯11 = Σ¯0, Σ¯12 = Σ¯−/
√
2 and Σ¯22 = Σ¯−−
• ∆111 = ∆+++, ∆112 = ∆++/
√
3, ∆122 = ∆+/
√
3 and ∆222 = ∆0
The fermion bi-linear term in Eq. 10.2.7 involving SU(2) triplet fermions (Σ and Σ¯) is required to generate lepton
number violation and hence, Majorana masses for the neutrinos. The violation of lepton number is directly
reflected from the mass insertion in the propagator of the tree level as well as 1-loop diagrams in Fig. 9.2.
Integrating out the Σ,Σ fermions, one obtains an effective dimension-5 neutrino mass operator [615,616]
Leff = − (YiY j + YjY i)LiLjH
∗∆
MΣ
+ h.c. (9.2.5)
The tree level diagram generating this operator is shown in Figure 9.2(top panel). On the other hand, the
1-loop diagrams in the bottom panel of figure 9.2 result into dimension-5 operator which also contribute to
the neutrino mass. The detailed structure of the Yukawa interactions are given in [615, 616]. Substituting the
EW VEV , vH , for the Higgs doublet and the induced VEV, v∆, for the quadruplet in Eq. 9.2.5, we obtain
dimension-7 operator induced neutrino masses, mtreeν , as [615,616],
(mtreeν )ij =
(YiY
′
j + Y
′
i Yj)v∆vH
MΣ
= −λ5(YiY
′
j + Y
′
i Yj)v
4
H
(MΣM2∆0)
. (9.2.6)
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Figure 9.2: Top: Tree level diagram generating dimension-7 seesaw operator; Bottom: 1-loop diagram
generating dimension-5 operator for neutrino masses.
The contribution to the neutrino mass, mloopν , from the loop induced dimension-5 operators can be computed
as [616],
(mν)
loop
ij =
(
3 +
√
3
)
λ5v
2
HMΣ
(
YiY
′
j + Y
′
i Yj
)
16pi2 (M2∆ −M2H)
M2∆ log
(
M2Σ
M2∆
)
M2Σ −M2∆
−
M2H log
(
M2Σ
M2H
)
M2Σ −M2H
 . (9.2.7)
To visualize the relative contribution of the dimension-7 and dimension-5 operators to the neutrino masses, in
figure 9.3, we present a contour plot of the ratio mloopν /mtreeν in the (M∆ −MΣ) plane. For smaller values of
M∆ and MΣ, the dimension-7 (tree level) contribution dominates over dimension-5 (loop level) contribution.
For completeness of our study, in Table 9.3, we present the few benchmark values of MΣ, v∆ , Y and Y ′
used in our analysis to generate the neutrino masses (presented in the last column of Table 9.3) with correct
order of magnitude.
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Benchmark Point (BP) MΣ (TeV) v∆ (GeV) Y Y ′ mν (eV)
BP1 2 10−6 10−2 10−2 0.017
BP2 3 3× 10−4 10−3 10−3 0.035
BP3 4 5× 10−3 10−4 10−3 0.043
BP4 2 3× 10−5 10−3 10−2 0.052
BP5 3 3× 10−2 10−4 10−4 0.035
Table 9.2: Order of neutrino mass for different values of Yukawa couplings Y and Y ′ for the representative
values of MΣ and v∆. Here vH = 174 GeV.
9.3 Phenomenology
As discussed in the in the previous section, the main motivation for postulation this model is to generate tiny
neutrino masses which is achieved by introducing a TeV scale scalar SU(2)L quadruplet (∆) and a pair of
vector-like SU(2)L triplet fermions (Σ and Σ¯). The existence of TeV scale multi-charged scalars (component
of ∆) and fermions (components of Σ and Σ¯) gives rise to the interesting possibility of probing this particular
mechanism for neutrino mass generation at the LHC experiment. However, tiny neutrino masses, generated
dominantly via tree level effective dimension-71 operators, require triplet fermions masses to be at the range of
few TeVs (see Fig. 9.3 and Table 9.3). Therefore, in this work, we have studied the production and signatures of
1The novelty of this model is a new mechanism for generating small neutrino masses which predicts the relation mν ∼ v4/M3,
where v is the electroweak scale, rather than the conventional seesaw formula mν ∼ v2/M . The new relation mν ∼ v4/M3 arises
from the effective dimension-7 operators LLHH(H†H)/M3 generated at tree level (see Eq. 10.2.9). While the conventional seesaw
formula mν ∼ v2/M for neutrino masses via d = 5 operators are not induced at tree level, they do arise at 1-loop in this model
(see Eq. 10.2.10). In this study, we are interested in the region of parameter space where the dimension-7 contribution dominates
over that coming from the dimension-5 term.
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Figure 9.3: Contour plot of the ratio mloopν /mtreeν in the (M∆ −MΣ) plane.
the quadruplet scalars, in particular, multi-charged quadruplet scalars at the LHC in details. The signatures of
the triplet leptons (Σ and Σ¯) are also discussed briefly in the last part of this section. Being a quadruplet under
SU(2)L, the multi-charged scalars can only be pair-produced at the LHC. After being produced in pairs, the
quadruplet scalars decays into SM particles giving rise to interesting signatures at the collider. The production
and decay and hence, the resulting collider signature of the quadruplet scalars are discussed in the following.
9.3.1 Associated and Pair Production of Charged Higgs
Figure 9.4: Left : Feynman diagrams for the pair production of ∆±±± and ∆±± via Drell-Yan process. Right
: ∆±±±∆∓∓ are pair produced via s-channel W± exchange.
The LHC being a proton-proton collider, the pair production of ∆±±±∆∓∓∓, ∆±±∆∓∓ and ∆±∆∓ takes
place via the DY-processes (s-channel γ and Z exchanges) [cf. figure 9.4] with quark anti-quark in the ini-
tial state. Being s-channel, Drell Yan pair production cross-sections are significantly suppressed for larger
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Figure 9.5: Feynman diagrams for the pair production of ∆±±± and ∆±± via photon-photon fusion process.
Left panel : elastic, middle panel : semi-elastic and Right panel : inelastic scattering sub-processes.
∆±±±/∆±±/∆±± masses. However, photo production of charged scalar pairs (γγ → ∆±±±∆∓∓∓, ∆±±∆∓∓
and ∆±∆∓) takes place vis t(u)-channel exchange [cf. figure 9.5] of a charged scalar and hence, is not sup-
pressed by the parton center of mass energy. Moreover, the coupling of photon with a pair of charged scalar
being proportional to the charge of the scalar, the matrix element squared of photo productions are enhanced
by a factor of 34 and 24 for triply and doubly charged scalars, respectively. However, the pair production of
charged scalars at the LHC via photon-photon fusion is suppressed by the small parton density of photon inside
a proton.
In fact, the parton density of photon is so small that most of the older versions of PDF’s do not include
photon as a parton. However, if we want to include QED correction to the PDF, inclusion of the photon as
a parton with an associated parton distribution function is necessary. And in the era of precision physics at
the LHC when PDF’s are determined upto NNLO in QCD, NLO QED corrections are important (since α2s is
of the same order of magnitude as α) for the consistency of calculations. Moreover, as discussed previously,
photon-initiated processes could become significant at high energies for some processes. In view of these facts,
NNPDF [816, 817], MRST [818] and CTEQ [819] have already included photon PDF into their PDF sets.
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However, different groups used different approaches for modeling the photon PDF. For example, the MRST [818]
group used a parametrization for the photon PDF based on radiation off of primordial up and down quarks,
with the photon radiation cut off at low scales by constituent or current quark masses. The CT14QED [819]
variant of this approach constrains the effective mass scale using ep→ eγ +X data, sensitive to the photon in
a limited momentum range through the reaction eγ → eγ. The NNPDF [816] [817] group used a more general
photon parametrization, which was then constrained by high-energy W, Z and Drell-Yan data at the LHC.
We have also computed the production of ∆±±± in association with a ∆∓∓. Such a process proceeds through
quark anti-quark initial state with the s-channel exchange of aW±-boson. The couplings relevant for production
and decay of doubly- and triply- charged scalars are shown in Table. ??. In order to numerically compute the
Couplings Values
Aµ∆±±±∆∓∓∓ −3e(p1 − p2)µ
Aµ∆±±∆∓∓ −2e(p1 − p2)µ
Zµ∆±±±∆∓∓∓ −3e cos 2θw
sin 2θw
(p1 − p2)µ
Zµ∆±±∆∓∓ −2e(cos 2θw − 1/2)
sin 2θw
(p1 − p2)µ
Wµ∓∆±±±∆∓∓
√
3/2g(p1 − p2)µ
∆±±W∓W∓
√
3g2v∆
∆±±l∓i l
∓
j
mνij
2
√
3v∆
Table 9.3: The couplings relevant for production and decay of doubly- and triply- charged scalars.
cross-sections, the model has been implemented in CalcHEP package [839]. For the production cross-section, we
use parton distribution function (PDF) NNPDF23_lo_as_0130 [816,817], where the photon PDF1 is inclusive
with the renormalization and factorization scales being chosen to be the invariant mass of the constituent sub-
process. We calculate the pair and associated production cross-sections of ∆±±± and ∆±± considering both
DY and photon-photon fusion processes. In figure. 9.6, we have shown the pair and associated production
cross-sections of ∆±±± and ∆±± at the 13 TeV LHC considering both DY and photon fusion processes. Figure.
9.6 shows that photon fusion significantly contributes to total pair production cross-section of charged scalars
for larger masses. For DY process, the QCD correction has been also computed, yielding a NLO K-factor of the
1We can also use MRST2004qed_proton [818], CT14_qedinc [819] where the photon PDF is inclusive, including both inelastic
and elastic contributions.
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order of 1.24 at the LHC energy [815]. But, the noticeable fact is that photon-fusion contributes more than the
NLO QCD corrections to the DY process for larger masses. The ratio of the two photon contribution relative
to the Drell-Yan channel is shown in figure.9.7. From the plot (figure.9.7), we can see that for the higher mass
region of ∆±±± and ∆±±, photon photon fusion contribution becomes much more significant compared to the
DY process. As the pair production cross section is enhanced by Q4, where Q is the charge of the respective
charged scalars, the ratio of the two photon contribution relative to the Drell-Yan channel are much more higher
for triply charged Higgs ∆±±±. The results of figure.9.7 and figure.9.6 can be summarized as follows: there is a
significant enhancement in the total pair production cross section arises from the photon fusion processes and
thus, photon fusion can not be ignored at the LHC for the search of multi-charged scalars, whereas associated
production channels remain unaffected.
Figure 9.6: Pair and associated production cross-sections of ∆±±± and ∆±± at the 13 TeV LHC. Red solid
(dashed) line is for ∆±±± pair production cross section via both DY and photon fusion processes (only DY
process) and blue solid (dashed) line is for ∆±± pair production cross section via both DY and photon fusion
processes (only DY process). Green dotted line represents associated production cross section of ∆±±± and
∆±±.
9.3.2 Decay Modes of the Charged Higgs
In this section, we discuss different decay modes of the doubly and triply charged scalars. The representative
Feynman diagrams for decay of triply (doubly) charged scalar ∆±±± (∆±±) are shown in figure. 9.9 (figure.
9.8). The decay modes of the charged scalars depend on the mass hierarchy between quadruplet scalars. As
noted earlier in section 12.2, there are two possible ordering for the masses of the quadruplet scalars depending
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Figure 9.7: The ratio between σγγ and leading order σDY for triply and doubly charged Higgs pair production
at the 13 TeV LHC.
on the sign of the parameter λ4 in the scalar potential. The two possible decay cascades for the triply and
doubly charged scalars (depending on the mass hierarchy) are discussed in the following:
• Case I : When λ4 > 0, we have M∆±±± < M∆±± < M∆± < M∆0 , so that the triply charged Higgs boson
∆±±± can only decay to W±l±i l
±
j or W
±W±W±. These decays arise through the diagrams where ∆±±±
emits a real W± and an off-shell ∆±± which subsequently decays to either two real W±, or two same sign
charged leptons. The corresponding decay rates are given by :
Γ(∆+++ →W+W+W+) = 3g
6
2048pi3
v2∆M
5
∆
m6W
I, (9.3.8)
Γ(∆+++ →W+`+`+) = g
2
6144pi3
M∆
∑
im
2
i
v2∆
J, (9.3.9)
where I, J are dimensionless integrals and mi stands for the light neutrino masses. In the limit where
M∆  mW , these integrals are approximately equal to one. The partial decay width of W±`±`± mode
scales as m2ν/v2∆, where mν is the light neutrino mass which is proportional to v∆. Therefore, the partial
decay width Γ(∆+++ → W±`±`±) is independent of v∆. However, W±W±W± mode is proportional to
v2∆ and hence, the dominant one for larger values of v∆, while the former is dominant for smaller values of
v∆. In figure. 9.10, we have shown the variation of branching ratio for the decay modes of triply charged
Higgs ∆±±± as a function of vev v∆ (left) and mass M∆ (right). We can see from the plot (see figure.
9.10) that when the vev v∆ is of order of few KeVs or less, ∆±±± dominantly decays to W±`±`±.
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Figure 9.8: Feynman diagrams for decay of doubly charged scalar ∆±± .
The doubly charged Higgs ∆±± has the following decay modes: ∆±± → W±W±, `±`±, ∆±±±W∓∗ and
∆+++pi−. The partial decay widths are given by,
Γ
(
∆±± → l±i l±j
)
=
|M ijν |2
8pi(1 + δij)v2∆
M∆±± , (9.3.10)
Γ
(
∆±± →W±W±) = 3g4v2∆M3∆±±
32pim4W
√
1− 4M
2
W
M2∆±±
[
1− 4M
2
W
M2∆±±
+ 12
m4W
M4∆±±
]
, (9.3.11)
Γ
(
∆±± → ∆±±±pi∓) = 3g4
32pi
f2pi
(∆M)
3
m2W
, (9.3.12)
whereM ijν is the neutrino mass matrix, ∆M is the mass splitting between two consecutive members of ∆,
fpi = 130 MeV, δij is the Kronecker’s delta and l±i = e
±, µ±, τ±. The decay into ∆±±±W ?
±
is suppressed
because of the off-shell W±-boson (W±∗) in the final state. We note that the decay width for the decay
mode ∆±± → l±l± is independent of v∆ (in Eq. 9.3.10, the v∆ dependence in | M ijν |2 in the numerator
cancels with the v2∆ in the denominator), the decay width to W
±W± final state is proportional to v2∆,
while the one to ∆±pi± is independent of v∆, and proportional to (∆M)3. In figure. 9.11, we plot the
relative branching ratios of ∆±± as a function of M∆ (right) and v∆ (left). For simplicity, we have taken
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Figure 9.9: Feynman diagrams for decay of triply charged scalar ∆±±± .
the masses of the quadruplets to be the same1. As expected, for a very small v∆ (. 10−4 GeV), the
decay to l±l± dominate, whereas for higher values of v∆ (& 10−4 GeV), the mode W±W± dominate. For
completeness, we have also done the calculation for a small mass splitting of 2.5 GeV and we get that
for the vev v∆ ≤ 1.5 KeV the branching ratio to same sign dilepton becomes 100%. The branching ratio
study for different decay modes of ∆±± for non-degenerate masses of ∆ members can be found in our
earlier paper [587,615].
• Case II : When λ4 < 0, we have M∆±±± > M∆±± > M∆± > M∆0 . If the quadruplet components
are not degenerate and ∆±±± is the heaviest member in the quadruplet, then ∆±±± decays to ∆0 and
SM particles via cascades involving other quadruplet scalars: ∆±±± → ∆±±W ∗± → W ∗±W ∗±∆± →
W ∗±W ∗±W ∗±∆0. The other possible decay mode of ∆±±± is into a ∆±± in association with a pi±. For
large enough mass splitting between the quadruplet scalars, cascade decay dominates over the decay into
∆±±pi±.
9.3.3 Collider Phenomenology
In this section, we studied the collider signatures of multi-charged scalars for positive2 λ4 where ∆+++ is
the lightest among the ∆’s. First, we focus on the same-sign dilepton decay mode of ∆±±. The same-sign
1Constraints from the ρ parameter dictates the splitting to be < 38 GeV [615, 616], and can be even smaller depending on the
values of λ4
2For negative λ4, ∆+++ being the heaviest among the ∆’s, decays to ∆++ in association with a off-shell W -boson. ∆++
subsequently decays to ∆+ followed by the ∆+ decay to ∆0. Therefore, for negative λ4, the decay of ∆+++ also gives rise
to 3 same charge leptons (when the off-shell W ’s decays leptonically). However, these leptons are very soft because of small
mass-splitting between the components of the quadruplet scalar and mostly fall outside detector acceptance.
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Figure 9.10: Left : Variation of branching ratio (Br) for different decay modes of ∆±±± as a function of vev
v∆ for M∆±±±= 300 (Dotted), 800 (Dashed) and 500 (Solid) GeV. Right : Variation of branching ratio (Br)
for different decay modes of ∆±±± as a function of mass M∆±± for v∆= 40 KeV (dotted), 100 KeV (dashed)
and 1 KeV (Solid). Red and blue lines are for W+l+l+ decay and W+W+W+ decay respectively.
dilepton decay of ∆±± → l±l± is characterized by a invariant mass peak at m∆±± in the same-sign dilepton
invariant mass distribution. In view of negligible1 SM background, same-sign dilepton channel characterized by
an invariant mass peak in the dilepton invariant mass distribution is considered to be one of the cleanest channel
to search at the LHC. Since we are interested mostly on the like-sign dilepton decay of ∆±± and the LHC has
already searched for a invariant mass peak in the like-sign dilepton invariant mass distribution, it is important
to pin down the part of parameter space for which ∆±± dominantly decays to dileptons. In figure 9.12 (left
panel), we have shown the contour plot for branching ratio Br(∆±± → l±l±) in v∆-M∆±± plane. Figure 9.12
(left panel) shows that for low v∆, ∆±± dominantly decays to dileptons. Therefore, if is possible to exclude low
1Same-sign dilepton in the SM arises from the multiple W± and Z-boson production which are quite suppressed. For example,
SSD can arise from 3W±-boson (pp→W±W±W∓) production followed by leptonic decay of 2 same-signW±-boson and hadronic
decay of the other. W±Z pair production also contributes to the background when both W± and Z-boson decays leptonically and
one lepton from Z-decay falls out side detector coverage. Semi-leptonic decay of tt¯ pairs also contribute to the SSD background
when one b-quark decays leptonically. Though the leptons from the b-decay are usually rejected by the lepton isolation criteria, a
non-negligible SSD background arises from tt¯ production due to its huge cross-section at the LHC. Miss identification of a jet as
lepton and charge miss-measurement of leptons also contributes to the background. However, all these backgrounds are estimated
to be small. Moreover, the background same-sign dileptons are not characterized by any invariant mass peak.
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Figure 9.11: Left : Variation of branching ratio (Br) for different decay modes of ∆±± as a function of vev
v∆ for M∆±±= 300 (Dotted), 800 (Dashed) and 500 (Solid) GeV. Right : Variation of branching ratio (Br) for
different decay modes of ∆±± as a function of mass M∆±± for v∆= 40 KeV (dotted), 100 KeV (dashed) and 1
KeV (Solid). Red and blue lines are for same sign dilepton decay and same sign diboson decay respectively.
Figure 9.12: Contour plot for branching ratio Br(∆±± → l±l±) (left panel) and Br(∆±±± →W±l±l±) (right
panel) in v∆-M∆±± plane. Branching ratio scale is shown in right side of the figure. Red shaded zone in both
figure corresponds to Br(∆±± → l±l±) or Br(∆±±± →W±l±l±) ∼ 100%.
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v∆ region parameter space of this model from the absence of any new physics same-sign dilepton signature at
the LHC with 13 TeV center of mass energy. The exclusion limits in the context of this model will be discussed
in the next section.
Other characteristic feature of this model is the existence of a triply charged scalar. The pair production
cross-section of triply charged scalar is relatively large (see Figure 9.6) at the LHC because of its enhanced
coupling with photon. After being produced, triply charged scalars decays into W±W±W± or W±l±l± de-
pending on the part of parameter space. In figure. 9.12, we have shown the contour plot for branching ratio
Br(∆±±± →W±l±l±) in v∆-M∆±±± plane. Figure. 9.12 shows that for low v∆, ∆±±± → W±l±l± decay
dominates over ∆±±± → W±W±W±. In both cases, the pair production and decay of ∆±±± give rise to
interesting multi-lepton (6,5,4-leptons, same-sign three leptons e.t.c.) final states which will be discussed in the
subsequent sections.
A Bound on Doubly Charged scalar
Figure 9.13: The observed and expected 95% C.L. upper limits of the production cross-section times branching
ratio to electrons
[
σ(∆++∆−−)×Br(∆±± → e±e±)] as a function ofM∆±± using ATLAS results [815] at √s =
13 TeV with 13.9 fb−1 integrated luminosity. The theoretical prediction for σ(∆++∆−−)×Br(∆±± → e±e±) in
the context of present model for a SU(2)L quadruplet doubly charged scalar are presented by red solid (photon
fusion + DY) and dashed (DY-only) lines. In the calculation of the theoretical cross-section, we have assumed
Br(∆±± → e±e±) ∼ 100%.
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In the context of LR-symmetry1, the ATLAS Collaboration has recently searched [815] for the doubly-
charged scalar decaying into a pair of like-sign leptons in the same-sign di-electrons invariant mass spectrum
with luminosity 13.9 fb−1 at
√
S = 13 TeV. In absence of any significant deviation from the SM background
prediction, limits are imposed on the doubly charged scalar pair production cross-section times branching ratio
to leptons (σ(∆++∆−−) × Br(∆±± → l±l±)). In the context of LR-symmetric model, the bound on the
σ(∆++∆−−)×Br(∆±± → l±l±) corresponds to a lower limit of 570 (420) GeV on the mass of doubly charged
SU(2)L triplet(singlet) scalar assuming its 100% branching ratio to a pair of same-sign electrons.
In the context of our model, the pair production and subsequent leptonic decay of the doubly charged scalar
(∆±±) gives rise to similar signature at the LHC and hence, our model also should comply with non-observation
of any excess in same sign dilepton search. As a result, the model independent limits on σ(∆++∆−−) ×
Br(∆±± → l±l±) is also applicable in our model where the doubly charged scalars are quadruplet under
SU(2)L. In Figure 9.13, we compare theoretical pair production cross-sections of doubly charged quadruplet
scalars with 13 TeV ATLAS limit [815] on σ(∆++∆−−)×Br(∆±± → l±l±). The solid black line in Figure 9.13
corresponds to 95% C.L. on upper limit on σ(∆++∆−−)×Br(∆±± → l±l±) obtained by ATLAS collaboration
with 13 TeV center of mass energy and 13.9 fb−1 integrated luminosity. The green and yellow bands correspond
to the 1σ and 2σ bands on the expected limits respectively. As discussed in Section 3.1, the photon fusion
contributes significantly to total production cross-section of multi-charged scalar pairs. Therefore, irrespective
of origin of ∆±±, one must incorporate photon fusion contribution to the total pair production cross-section in
addition to DY-contribution. However, Ref. [815] considered only DY-production of ∆±± pairs in the context
of LR-symmetry and hence, significantly under estimated the mass limits on the doubly charged scalars in
LR-symmetry [598]. In order order to quantify the effect of photon fusion contribution on the bound of ∆±±
mass, in figure 9.13, we have presented the theoretical values for σ(∆++∆−−) × Br(∆±± → l±l±) in the
context of a doubly charged SU(2)L quadruplet assuming Br(∆±± → e±e±) ∼ 100% for DY-production only
(red dashed line) as well as DY plus photon fusion (red solid line). Figure 9.13 shows that as a result of
including photon fusion contribution, there is a significant enhancement on the lower bound of ∆±± mass. A
brief summary of the 95% CL exclusion limits on M∆±± using ATLAS preliminary results at
√
s = 13 TeV with
13.9 fb−1 integrated luminosity is shown in Table 9.4. It is important to note that there are some uncertainties
1In case of Minimal Left Right Symmetric model (MLRSM), ∆±± is a part of SU(2)L triplet, whereas ∆±± is a part of SU(2)L
quadruplet in our model and hence, Z∆±±∆∓∓ coupling is completely different for both the cases and it largely effects Drell Yan
pair production through s-channel Z exchange at the LHC. In MLRSM, there is no triply charged scalar, whereas in our model, the
scalar SU(2)L quadruplet contains a triply charged scalar field ∆±±±. As a consequence, our model predicts same sign trilepton
events in addition to the same sign dilepton signatures at the collider experiments. Same sign trilepton events are unique in this
model compared to the MLRSM. The collider signature of triply charged scalars will be discussed in a later section.
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in photon PDF [816–819] selection. We estimated that the uncertainty in photon PDF selection corresponds to
a uncertainty ±13 GeV on M∆±± limits.
Benchmark Point
Limits on M∆±± (GeV)
(DY) (DY+PF)
∆±± → e±e±= 100% 509 725
∆±± → e±e±= 50% 368 521
∆±± → e±e±= 33% 330 387
Table 9.4: Summary of the 95% CL exclusion limits on M∆±± using ATLAS results at
√
s = 13 TeV with
13.9 fb−1 integrated luminosity. DY : Drell-Yan pair production; PF : photon fusion process.
The production cross-section of a pair of doubly charged SU(2)L quadruplet scalars at the LHC is completely
determined by the mass of ∆±±. On the other hand, as discussed in details in Section 3.2, the decay branching
ratio of ∆±± into a pair of leptons is mainly determined by the induced VEV v∆. Therefore, the ATLAS upper
bound on σ(∆++∆−−) × Br(∆±± → e±e±) in Figure 9.13 can be used to exclude parts v∆-M∆±± plane. In
Figure 9.14, we present contour plot of σ(∆++∆−−) × Br(∆±± → e±e±) on v∆-M∆±± plane. The crossed
region of Figure 9.14 is excluded from the ATLAS search [815] for same sign dilepton invariant mass peak at
13 TeV center of mass energy and 13.9 fb−1 integrated luminosity.
B Characteristic signatures of (multi-)charged scalars at the LHC
After discussing the production, decay and collider bounds on the quadruplet scalars, we are now equipped
enough to discuss the characteristic collider signatures of these scalars at the future runs of the LHC. As
discussed in the previous section, for small v∆, multi-charged quadruplet scalars dominantly decay into leptonic
final states and hence, give rise to lepton rich signatures at the LHC. On the other hand, for large v∆, quadruplet
scalars dominantly decay to W -bosons and subsequent leptonic decay of W -bosons give rise to leptons in the
final state. Though, the leptonic final states for large v∆ are suppressed by the leptonic branching ratio of the
W -boson, muti-leptons signatures are considered very promising because of small or negligible SM background.
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Figure 9.14: Contour plot of σ(∆++∆−−)×Br(∆± → e±e±) on v∆-M∆±± plane. The crossed region of the
plot is excluded from the ATLAS search [815] for same sign dilepton invariant mass peak at 13 TeV center of
mass energy and 13.9 fb−1 integrated luminosity.
In this work, we have studied multi-leptons signatures of the charged-quadruplet scalars. Since the detection
efficiencies of electrons and muons are much higher than the taus, for the rest of this work, we have only
considered electrons and muons as leptons. Pair and associated production of doubly and triply charged scalars
give rise to final states with 0–6 leptons multiplicity including interesting same-sign dileptons (SSD) and same-
sign 3-leptons (SS3L) events. However, before going into the discussion of lepton multiplicity as well as other
characteristic kinematic distributions, it is important to list a set of basic requirements for leptons and jets to
be visible at the detector.
It should be noted that any realistic detector has only a finite resolution; this applies to both energy/transverse
momentum measurements as well as the determination of the angle of motion. For our purpose, the latter effect
can be safely neglected1 and we simulate the former by smearing the energy with Gaussian functions. The en-
ergy resolution function receives contributions from many sources and are, in general, a function of the detector
coordinates. We, though, choose to simplify the task by assuming a flat resolution function equating it to the
worst applicable for our range of interest [601], namely,
∆E
E
=
a√
E/GeV
⊕ b, (9.3.13)
1The angular resolution is, generically, far superior to the energy/momentum resolutions and too fine to be of any consequence
at the level of sophistication of this analysis.
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Figure 9.15: Lepton multiplicity distribution after imposing the acceptance cuts summarized in Eqs. (9.3.14–
9.3.16). We have considered m∆ = 500 GeV. Left panel corresponds to small v∆ and right panel corresponds
to large v∆.
where, a = 100%, b = 5% for jets and a = 15% and b = 1% for leptons, and ⊕ denotes a sum in quadrature.
Keeping in mind the LHC environment as well as the detector configurations, we demand that, to be visible, a
lepton or jet must have an adequately large transverse momentum and they are well inside the rapidity coverage
of the detector, namely,
plT > 20 GeV ; p
j
T > 20 GeV , (9.3.14)
|ηl| ≤ 2.5 ; |ηj | ≤ 2.5 . (9.3.15)
We demand that a lepton be well separated from other leptons and jets so that they can be identified as
individual physics objects. We use the well-known cone algorithm defined in terms of a cone angle ∆Rij ≡√
(∆φij)
2
+ (∆ηij)
2, with ∆φ and ∆η being the azimuthal angular separation and rapidity difference between
two particles. Quantitatively, we impose
∆Rl l > 0.4; ∆Rl j > 0.4; ∆Rj j > 0.7. (9.3.16)
The requirements summarized in Eqs. (9.3.14–9.3.16) constitute our acceptance cuts. In order to calculate the
production cross-section, simulate subsequent decays and detector resolutions and impose acceptance cuts, we
have used a parton-level Monte-Carlo computer code. Pair and associated production of ∆±± and ∆±±± are
simulated for m∆ = 500 GeV and characteristic distributions are presented in the following. For simplicity, we
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Figure 9.16: Jet multiplicity distribution after imposing the acceptance cuts summarized in Eqs. (9.3.14–
9.3.16). We have considered m∆ = 500 GeV. Top panel corresponds to small v∆ and bottom panel corresponds
to large v∆.
have considered same mass for all the components of the quadruplet.
In Fig. 9.15, we have presented the lepton multiplicity distributions for small (left panel) and large (right
panel) v∆. Fig. 9.15 clearly shows that lepton multiplicity varies between 0 to 6 for both small and large v∆.
For small v∆, dileptons and 4-leptons multiplicity final states dominates over the others and interestingly, most
of the dileptons are of same-sign. It is important to note that for small v∆, the dominant decay modes of
∆±± and ∆±±± are l±l± and l±l±W±, respectively. Therefore, pair and associated production of ∆±± and
∆±±± always result atleast 4-leptons (including taus) in final state. Five and six leptons arise when W -decays
leptonically. Dileptons arise when a pair of tau from the decay of ∆±± or ∆±±± decays hadronically. Since,
dileptons signature is a consequence of τ -hadronic decay and the decay of ∆±± and ∆±±± into leptons are
flavor conserving, majority of dileptons are same-sign dileptons for small v∆. Small number of events with
opposite sign dileptons (OSD) arise from the ∆±±±∆∓∓∓ production followed by ∆±±± → τ±τ±W± as well
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Figure 9.17: Transverse momentum (pT ) distributions of hardest and second-hardest same-sign lepton after
ordering the leptons according to their pT hardness (p
l−1
T > p
l−2
T ) for small (left panel) and large (right panel)
v∆. m∆ = 500 GeV is assumed.
as τ -hadronic and W -leptonic decay. On the other hand, for large v∆, ∆±± and ∆±±± dominantly decays to
W -bosons and subsequent leptonic decays of W -bosons give rise to leptonic final states. Therefore, in this case
higher lepton multiplicity states are suppressed by the leptonic branching ratios of W -boson as can be seen
from Fig. 9.15 (right panel). Moreover, in this case all the dileptons are not necessarily same-sign dileptons as
in the case of small v∆. However, there is a significant amount of SSD and SS3L for both small and large v∆.
In Fig. 9.16, we have presented the parton level jets multiplicity distributions for small (top panel) and large
(bottom panel) v∆. As expected for small v∆, jet multiplicities are usually small. Whereas, for large v∆, we
have large jet multiplicity final states. However, it is important to note that our computation is done at parton
level without incorporating initial state radiation/final state radiation (ISR/FSR). Inclusion of ISR/FSR jets
would significantly change the shape of jet multiplicity distributions in Fig 9.16.
In Fig. 9.17, we have presented the transverse momentum (pT ) distributions of hardest and second-hardest
same-sign lepton after ordering the leptons according to their pT hardness (p
l−1
T > p
l−2
T ). Left and right panel in
Fig. 9.17 corresponds to small and large v∆, respectively. For small v∆, 500 GeV ∆±±(∆±±±) directly decays
to a same-sign lepton pairs (leptons pairs plus W -boson) and hence, the lepton transverse momentum in this
case are usually large. However, for large v∆, leptons arises from the decay of the W -boson. As a result, the
leptons are soft for large v∆ as can be seen from Fig. 9.17 (right panel). Moreover, the possibility of getting a
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Figure 9.18: Invariant mass distributions of same-sign lepton pairs after the acceptance cuts in Eqs. (9.3.14–
9.3.16). Small and large v∆ correspond to v∆ . 10−4 GeV and v∆ & 10−4 GeV, respectively. In the simulation
of the same-sign lepton pairs invariant mass distribution, we have considered both the pair and associated
production of triply and doubly charged scalars.
second lepton with same-sign is small for large v∆ (see Fig. 9.15).
For small v∆, the doubly charge quadruplet scalar decay into a pair of same-sign leptons. Therefore, the
characteristic signature for small v∆ is a peak in the invariant mass distribution of same-sign leptons. We have
considered events with 4-leptons with two positively and two negatively charged leptons and plotted the invariant
mass distribution of same-sign dilepton pairs in Fig.9.18. A invariant mass peak at 500 GeV is clearly visible in
Fig.9.18. It is interesting to notice that the characteristic ∆±± invariant mass peak is accompanied by a nearby
invariant mass edge. The SSD invariant mass edge at (m∆−mW ) for small v∆ results from the decay of ∆±±±
into same-sign lepton pairs and a W -boson. Therefore, for small v∆, the characteristic signature of quadruplet
scalars in the framework of this model is a SSD invariant mass peak (at m∆) accompanied by a nearby invariant
mass edge (at m∆ − mW ). The search for the invariant mass peak in the same-sign dilepton invariant mass
distribution is the most promising channel for the discovery of small v∆ region of the parameter space. The
ATLAS and CMS collaborations of the LHC experiment are actively studying same-sign dilepton invariant
mass distributions. In absence of any significant deviation from the SM background prediction at the ATLAS
detector, we have already extracted a bound of about 725 GeV on M∆±± in the previous section. With more
data, the LHC will be able to probe larger M∆±± regions and observation a invariant mass edge in association
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with the characteristic SSD invariant mass peak will surely indicate towards a underlying physics model of
present kind. However, for large v∆, the invariant mass distribution of same-sign lepton pairs do not show
any characteristic feature. Moreover, as can be seen from Fig. 9.15 and Fig. 9.17, large v∆ is corresponding to
suppressed and softer multi-leptons in the final state and hence, making the collider phenomenology challenging.
The signatures and LHC discovery reach of large v∆ part of parameter space is discussed in the following.
C The LHC discovery reach for large v∆
The high lepton multiplicity final states namely, 4-leptons, 5-leptons and 6-leptons states, are suppressed by
W -boson leptonic branching ratio for large v∆. However, there are significant amount of dileptons and 3-leptons
events. Dileptons and 3-leptons final states suffers from huge SM backgrounds from top-antitop, γ/Z/W -boson
production. However, it is important to note that tt¯ and γ/Z/W -boson productions dominantly give rise to
leptons with opposite charges and the SM contributions to SSD and SS3L are very small or negligible. On the
other hand, the signal SSD and SS3L are suppressed (see Fig. 9.15 right panel) compared to total 2L and 3L
final states only by some factor (in particular, by a factor of 2.5 and 10 for SSD and SS3L, respectively). In
view of this facts, we have considered SSD and SS3L for further study.
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Figure 9.19: Missing transverse momentum, pT, (left panel) and effective mass,Meff (right panel) distributions
for SSD and SS3L events after the acceptance cuts.
We have selected events with exactly 2- and 3-leptons with same electric charge for further analysis. For
large v∆, the lepton arises from the W± → lν decay. The resulting neutrino remains invisible in the detector
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and gives rise to missing transverse momentum (pT) signature. The missing transverse momentum defined in
terms of the total visible momentum, as,
6 pT ≡
√√√√(∑
vis.
px
)2
+
(∑
vis.
py
)2
.
Therefore, the leptonic final states for large v∆ are always accompanied by some amount of missing transverse
momentum. In Fig. 9.19, we have presented the missing transverse momentum distributions for SSD and SS3L
events after the acceptance cuts. Fig. 9.19 (right panel) corresponds to the effective mass (Meff ) distributions
where Meff is defined as the scalar sum of the pT of the signal leptons and jets as well as pT/ .
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Figure 9.20: Signal SSD and SS3L cross-sections after the selection cuts as a function of quadruplet mass.
In the SM, same sign dilepton and tri-lepton arise mainly from the production of tt¯W± and multiple
gauge boson (W and/or Z) productions. tt¯W± contributes to SSD when t(t¯) decays leptonically, t¯(t) decays
hadronically and W+(−) decays leptonically. On the other hand, ZW± contributes to SSD when both Z andW
decays leptonically and one lepton from Z-decay falls out side the coverage of the detector (pT < 20 GeV and/or
|η| >2.5) or do not identified as individual entities (∆Rll < 0.4 or ∆Rlj < 0.4). These backgrounds (tt¯W± and
dibosons) fall in the category of irreducible background since these SM processes contains two same-sign prompt
leptons or at least three prompt leptons out of which one lepton falls out side detector coverage. Contribution
to SSD may also arise from events containing electrons with mismeasured charge, mainly from the production
of top quark pairs, and events containing at least one fake or non-prompt lepton. The fake or non-prompt
lepton mainly originates from heavy-flavour hadron decays in events containing top quarks, or W or Z bosons.
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For example, production of tt¯ pairs may contribute to SSD when tt¯ pairs decays semileptonically and the b-
quark from the hadronically decaying top decays into a lepton. These backgrounds fall into the category of
reducible backgrounds because the lepton from the heavy-flavour hadron decays is always accompanied by a lots
of hadronic activity around it or a jet within close proximity of the lepton and thus, stronger lepton isolation
cuts can be used to reduce these backgrounds. The SM background contribution to SSD was studied by ATLAS
collaboration [602] in the context of 13 TeV LHC. In order to reduce the SM background contribution to SSD +
6 pT , we have used ATLAS suggested cuts on 6 pT > 125 GeV and meff > 650 GeV as selection cuts. With these
set of event selection criteria, dominant SM contribution to the SSD arises from ZW and tt¯W production. We
have simulated ZW and tt¯W in association with upto 3 and 4 additional jets, respectively, using ALPGEN [603]
and the resulting SSD background cross-section after the selection cuts is estimated to be 0.6 fb at the LHC
with 13 TeV center of mass energy.
On the other hand, there is no irreducible source of SS3L in the SM. The contribution to SS3L may arise
from tt¯, tt¯W±, tt¯bb¯, tt¯tt¯ e.t.c. production when one (only for tt¯W ) or few (all other sources) lepton(s) from
heavy-flavour hadron decays are identified as isolated leptons. As discuss in the previous paragraph, lepton
isolation cuts significantly reduce this background. Dominant contribution to SS3L background arises from
tt¯W , when one top and W decays leptonically and results into like sign lepton and the third like sign lepton
comes from the leptonic decay of b hadrons. We have introduced the following selection cuts to study the SS3L
signature.
• pl1T > 30 GeV, p
l2
T > 30 GeV, p
l3
T > 20 GeV and 6 pT > 50 GeV.
For SS3L background, one or more leptons arise from the decay of heavy-flavour hadrons which can not be
simulated in the framework of parton level Monte-Carlo analysis. Therefore, we have used PYTHIA (v6.4.28)
[659] to simulate tt¯W production, subsequent decays and hadronization. To reconstruct the jets, we have used
FastJet anti-kt algorithm [605] implemented in Fastjet package [606] with a cone of ∆R = 0.4 and minimum
transverse momentum of 20 GeV. Lepton isolation criteria plays a crucial role for SS3L background. For a
isolated lepton, we demand
∑
pT (hadron)/pT (lepton) ≤ 0.2, where the sum is over all hadrons within a cone
of ∆R ≤ 0.2 around the lepton. Other object reconstruction criteria listed in Eqs. (9.3.14–9.3.16) are applied
subsequently. With these set of event selection cuts, we have estimated the tt¯W contribution to the SS3L to
be less than 10−3 fb. Therefore, there will be no SS3L background events with the above mentioned set of
cuts upto 1000 fb−1 integrated luminosity. The signal SSD and SS3L cross-sections after the selection cuts are
presented in Fig. 9.20.
In order to calculate the discovery reach of the LHC with 13 TeV center of mass energy, we define the signal
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Figure 9.21: Required luminosity at the 13 TeV LHC for 5σ discovery of quadruplet scalars with large v∆ as
a function M∆.
to be observable over a non-zero background for a integrated luminosity L if,
NS√
NB +NS
≥ 5, (9.3.17)
where, NS(B) = σS(B)L, is the number of signal (background) events for an integrated luminosity L. However,
if the number of background event is less than one for a integrated luminosity L (as in the case of SS3L), then
we demand 5 signal event for the discovery. In Fig. 9.21, we have presented required luminosity of the 13 TeV
LHC for 5σ discovery of quadruplet scalar with large v∆ as a function of quadruplet mass. Fig. 9.21 shows that
for lower M∆, SSD is the promising channel however, for M∆ > 650 GeV, SS3L becomes promising.
D Collider implications of vector like leptons
Beside charged scalars, another distinctive feature of this model is the prediction of doubly and singly charged
leptons at the TeV scale. However, tiny neutrino masses, generated dominantly via tree level effective dimension-
7 operators, require triplet fermions masses to be at the range of few TeVs (see Fig. 9.3 and Table 9.3). The
electroweak pair production cross-sections TeV mass triplet fermions are miniscule at LHC with 13 TeV center
of mass energy. It is needless to mention that either masses of the vector like leptons or masses of the quadruplet
scalars have to be heavy (at TeV scale) to give correct order neutrino mass as shown in Eq. 10.2.9. Otherwise,
we have to assume extremely small tiny Yukawa coupling to compensate that and we are not concentrating
on that scenario. Here, in this work, we have mainly studied the production and signatures of the quadruplet
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scalars, in particular, multi-charged quadruplet scalars at the LHC. For completeness of the study, here we
discuss collider implication of the triplet vector-like fermions in the complimentary regions.
Figure 9.22: Pair production cross-section of vector like leptons (Σ++,Σ+,Σ0) at 13 TeV LHC.
Σ++→ `+W+ Σ+→ νW+ Σ+→ `+Z Σ+→ `+H Σ0→ νZ Σ0→ νH
Σ−−→ `−W− `−`+W−W+ `−νW−W+ `−`+W−Z `−`+W−H - -
Σ−→ νW− ν`+W−W+ ννW−W+ ν`+W−Z ν`+W−H ννW−Z ννW−H
Σ−→ `−Z `−`+ZW+ `−νZW+ `−`+ZZ `−`+ZH `−νZZ `−νZH
Σ−→ `−H `−`+HW+ `−νHW+ `−`+HZ `−`+HH `−νHZ `−νHH
Σ0→ νZ - ννZW+ ν`+ZZ ν`+ZH ννZZ ννZH
Σ0→ νH - ννHW+ ν`+HZ ν`+HH ννHZ ννHH
Table 9.5: Exotic lepton decay channels to SM particles along with the final state signatures of pair/associated production.
At the LHC, Σ±±Σ∓∓, Σ±Σ∓ and Σ0Σ0 are pair produced via the s-channel γ and/or Z exchanges. In
addition to that, photon initiated processes also significantly contribute to the pair production of the singly
and doubly charged leptons at the LHC. Pair and associated production cross-sections of vector like leptons
(Σ++,Σ+,Σ0) at 13 TeV LHC is shown in Fig. 9.22. Due to the charge enhancement factor of 16, doubly charged
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lepton Σ++ is largely pair produced compared to Σ± and Σ0. DY pair production of Σ0Σ0 gets contribution
only from Z-boson exchange in the s-channel. Whereas, both photon and Z-boson exchange in the s-channel
contributes to DY production of Σ+Σ− pairs. It is important to mention that coupling strength of doubly
charged and neutral leptons with Z boson is large compared to the singly charged lepton. Moreover, there is
a destructive interference between photon and Z-boson exchange Feynman diagrams for Σ±± pair production.
Being triplet under SU(2)L, Σ++, Σ+ and Σ0 are degenerate at tree level. This degeneracy is removed by
the radiative corrections. However, the mass splitting between Σ++, Σ+ and Σ0 results from the radiative
corrections are expected to be small.
After being pair produced, the heavy triplet leptons decay into the SM particles. The decay modes of
heavy triplet leptons crucially depends on the hierarchy between MΣ and M∆. For M∆ < MΣ, triplet leptons
dominantly decay into quadruplet scalars in association with a SM lepton.
Σ++ → ∆+++l−,∆++ν; (9.3.18)
Σ+ → ∆++l−,∆+ν; (9.3.19)
Σ0 → ∆+l−,∆0ν. (9.3.20)
The subsequent decay of quadruplet scalars and their collider signatures are already been discussed in details
in the previous section. On the other hand, for M∆ > MΣ, the triplet leptons can decay into a SM lepton (both
charged or neutral) in association with a SM EW gauge boson (W or Z-boson) or Higgs boson. The decay
into W or Z-boson arises due to the Yukawa interactions in Eq. 10.2.7 which induce small mixing between the
lepton triplets and usual SM doublets. These decay modes are listed in Table 9.5 along with the final state
signatures of pair/associated production of the exotic leptons. Due to the small splitting between the masses of
triplet leptons, the heavier triplet leptons can decay into the lighter one in association with a off-shell W -boson
which subsequently decays leptonically or hedronically giving rise to very soft leptons or hadrons at the LHC.
However, it is important to note that these decays are tree level 3-body decays and hence, suppressed by the
W -boson mass. A detailed collider study of the triplet vector like fermions is beyond of this study. However,
the final states (listed in Table 9.5) resulting from the pair/associated production of exotic leptons give rise
to interesting multi-leptons signatures which require a detailed study at the high energy (HE) and/or high
luminosity (HL) LHC.
9.4 Summary and Discussions
In this article, we have presented a model, which can generate small neutrino masses via dimension seven
effective operators LLHH(H†H)/M3 and can also be probed at the LHC through the multi-lepton signatures.
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We have investigated the visibility of the triply and doubly charged scalars at the LHC. We have found that the
photon photon fusion also contributes to pair production process at a significant level at the LHC due to the
substantially enhanced electromagnetic coupling. This, we emphasize in this literature, is comparable to the DY
channel, and must be included in a complete and accurate estimate. We consider the spectacular multi-lepton
final states driven by the decay of the ∆±±±(∆±±) into same sign trileptons (dileptons). These channels not
only lead to remarkably background-free signatures of the doubly charged scalars, but also can demonstrate
a crucial link between observations at high energy colliders and the discussed mechanism of neutrino mass
generation.
The characteristic collider signatures of quadruplet scalars crucially depend on the decayes of these scalars
and hence, on the value of the induced VEV, v∆. For small v∆, production and decay of quadruplet scalars
gives rise to a same-sign dilepton invariant mass peak at m∆±± which is accompanied by a invariant mass edge
at m∆±±± −mW . In absence of any significant deviation in the LHC same-sign dilepton invariant mass data,
we derived a bound of about 725 GeV on m∆±± . On the other hand, for large v∆, the pair and associated
production of ∆±± and/or ∆±±± give rise to softer leptons in the final states with suppressed cross-sections.
We have studied SSD and SS3L final states as signatures of quadruplet scalars for large v∆. We found that the
LHC with 13 TeV center of mass energy and 100 inverse femtobarn integrated luminosity will be able to probe
M∆ upto 600 GeV. We also briefly discussed the signature of TeV scale triplet fermions at the LHC. A detailed
collider phenomenology of the triplet fermions seems interesting at the HE-LHC and/or HL-LHC.
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iof neutrino masses to be 
CHAPTER  X
PHENOMENOLOGY OF THE HIGGS SECTOR OF A DIMENSION-7 NEUTRINO MASS 
GENERATION MECHANISM
10.1 Introduction
The remarkable discovery of the 125 GeV scalar particle by CMS and ATLAS collaborations [607, 608] is 
the crowning achievement of the Run-I of the Large Hadron Collider (LHC). The data collected by the LHC 
experiments so far indicate that the discovered particle is the final piece of the standard model (SM) –  the Higgs 
boson, which provides mass to the fermions and gauge bosons of the SM via spontaneous symmetry breaking. 
At the same time, any signature beyond the SM remains elusive at the LHC. Notwithstanding many successes 
of the SM, it fails to answer many critical questions. Hence, the pursuit of unearthing signals of new physics is 
at the forefront of particle physics experiments for many decades.
One of the most robust evidence that points out to an important inadequacy of the SM is the existence 
of non-zero tiny masses of neutrinos. The neutrinos are the only class of fermion within the SM, whose mass 
cannot be generated by the Higgs mechanism, due to the absence of right-handed neutrinos. However, various 
neutrino oscillation experiments have long established the fact that not only neutrinos possess small masses
[O(0.01 − 0.1 eV)], but also∑  they mix between flavors. I n a ddition, t he P lanck c ollaboration c onstrains t he sum
m . 0.23 eV [609], which again emphasizes the fact that neutrino masses are many
order of magnitude smaller than their charged lepton counterparts. This drastic departure of neutrino masses
and mixings from charged leptons poses a fundamental question, how such tiny neutrino masses are generated?
The simplest way to achieve that goal is via an effective dimension-5 operator, LLHH/M [610], where H
is the SM Higgs doublet, L is the left-handed lepton doublet, and M is the scale of new physics. Under this
mechanism, neutrinos acquire a mass mν ∼ v2/M , with v being the vacuum expectation value (VEV) of H.
There have been many realizations of such dimension-5 operator in the literature, namely, Type-I see-saw [611],
Type-II see-saw [612], Type-III see-saw [613], loop induced [828] etc., with all new particles are at the mass
order M . From the above formula of neutrino masses, one can notice that neutrino oscillation data, combined
with cosmological constraint, will force M ∼ O(1014 − 1015) GeV with O(1) Yukawa couplings. Alternatively
one needs an unusually small Yukawa coupling, Yν ∼ 10−6 for TeV scale M . In either case, the LHC is
276
unlikely to probe any signature of such particles. Instead, we focus on a model proposed by Babu, Nandi,
and Tavartkiladze (BNT) [615], where neutrino masses are generated at tree level by an effective dimension-7
operator, LLHH(H†H)/M3, resulting in a neutrino mass formula, mν ∼ v4/M3. Owing to the increased
suppression factor M3 in the denominator, one can easily lower the scale of new physics in this model to TeV
without introducing minuscule Yukawa couplings. The above model contains two vector-like lepton triplets
(Σ1,2) and an isospin
3
2
scalar quadruplet (∆) on top of the SM fields. Hence, this model predicts striking
same-sign multi-lepton signatures at the LHC due to the presence of multi-charged scalars and vector-like
leptons.
The goal of our paper is twofold. First, we present a detailed analysis of electroweak precision test (EWPT)
constraints on the Higgs spectrum of the model for the first time. Next, we investigate the latest LHC and
lepton flavor violation (LFV) bounds on the Higgs sector, not ruled out by the EWPT, and further project
future LHC reach of the triply-charged Higgs boson for definitive validation/falsification of the model.
Refs. [616–618] have studied the BNT model in the context of the LHC and dark matter previously. Nonethe-
less, the LHC experiments have accumulated a significant volume of data since then, and a revision of those
constraints from the new data is warranted at this point. In addition, a loop-induced dimension-5 operator is
also present in the model, which contributes to the neutrino mass generation at a comparable rate w.r.t the
dimension-7 operator for MΣ & O(TeV). Although, the existence of this dimension-5 operator is well-known
[615,616], the impact of their interplay with the dimension-7 operator on the LHC searches were not taken into
account in previous studies at a quantitative level.
In addition, we would like to point out that the LHC experiments traditionally show their bound on doubly-
charged Higgs particle mass in same-sign dilepton final states assuming a 100% branching ratio (BR) for partic-
ular flavor combinations. Instead, we reinterpret their results using realistic benchmark points (BP), consistent
with neutrino oscillation data and show that the constraints on doubly charged Higgs mass can be relaxed.
Also, we demonstrate that for our realistic BPs, the proper decay length of doubly and triply charged Higgs
bosons are quite large in regions of the parameter space and discuss when they will be beyond the scope of
prompt lepton searches performed at the LHC.
LFV constraints on the model were previously discussed in Ref. [619] for very light Σ1,2 (∼ 200 GeV) and
they did not take into account the contribution of multi-charged scalars on LFV processes. In contrast, we
derive relevant LFV constraints due to light scalars (M∆ . 1 TeV). In our chosen benchmark scenarios Σ1,2 are
much heavier (∼ 5 TeV) than H,∆, which in turn force their contribution to LFV processes negligible. Using
the current most stringent bound by the MEG Collaboration [620], a lower bound on induced VEV v∆ as a
function of mass M∆ has been derived.
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Lastly, we search for triply-charged Higgs boson at the LHC in same-sign three leptons final state. A
potential discovery of ∆±±± at the LHC will shed some light on the possible mechanism of neutrino mass
generation.
The paper is organized as follows. In Section 10.2 we present a brief overview of the BNT model and the
neutrino mass generation mechanisms within the model, along with our choice of neutrino oscillation parameters
for subsequent calculations. In Sections 10.3 and 10.4 we discuss EWPT and LFV constraints, respectively, on
the Higgs sector of the model. Updated constraints form various LHC searches relevant to the Higgs sector of
this model are discussed in Section 12.5. We also outline the projected reach at the LHC for triply-charged Higgs
in the same section, in association with detailed discussion on their relevant production and decay mechanisms.
Finally, we conclude in Section 10.6.
10.2 Model and Formalism
In this section, we present a brief overview of the BNT model [615]. The chief goal of the model is to develop
light neutrino masses with new physics at TeV scale without introducing unnaturally small Yukawa couplings
or fine-tuned cancellations. The BNT model is based on the SM symmetry group SU(3)C × SU(2)L × U(1)Y .
The enlarged particle content of the model includes an isospin
3
2
scalar quadruplet, ∆, and a pair of vector-like
fermion triplets, Σ1,2. We use H to denote the SM-like Higgs doublet. The particle contents along with their
quantum numbers are shown in the Table 10.1 below.
10.2.1 Higgs sector of the model
The scalar kinetic and potential terms of the model is given by :
LKinScalar = (Dµ∆)†(Dµ∆) + (DµH)†(DµH) + V (H,∆), (10.2.1)
with the covariant derivatives
DµH =
(
∂µ − ig~τ . ~Wµ − ig′Y
2
Bµ
)
H,
Dµ∆ =
(
∂µ − ig ~T . ~Wµ − ig′Y
2
Bµ
)
∆,
(10.2.2)
where ~τ are standard Pauli matrices and ~T are SU(2) generators in the isospin
3
2
representation [616]. The
interactions of the new scalar field ∆ with the gauge bosons originate from the above term. The most general
renormalizable scalar potential involving the Higgs fields of the model is given by,
V (H,∆) = −µ2HH†H + µ2∆∆†∆ + λ1(H†H)2 + λ2(∆†∆)2
+λ3(H
†H)(∆†∆) + λ4(H†τaH)(∆†Ta∆) + {λ5H3∆? + h.c.}.
(10.2.3)
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SU(3)C × SU(2)L × U(1)Y
Matter
u
d

L
∼ (3, 2, 13 ), uR ∼ (3, 1, 43 ), dR ∼ (3, 1,− 23 )
νe
e

L
∼ (1, 2,−1), eR ∼ (1, 1,−2)
Σ2 ≡

Σ++2
Σ+2
Σ02
 ∼ (1, 3, 2), Σ1 ≡

Σ++1
Σ+1
Σ01
 ∼ (1, 3, 2)
Gauge Gµa,a=1−8, A
µ
i,i=1−3, B
µ
Higgs H ≡
φ+
φ0
 ∼ (1, 2, 1), ∆ ≡

∆+++
∆++
∆+
∆0

∼ (1, 4, 3)
Table 10.1: Matter, gauge and Higgs contents of the BNT model.
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We assume µ2∆ > 0 and thus ∆ can not initiate any spontaneous symmetry breaking. Hence similar to
the SM, the electroweak (EW) symmetry is broken spontaneously once the Higgs doublet, H, acquires a VEV,
〈H〉 = vH√
2
. Interestingly, even with a positive µ∆2, due to the presence of the λ5 term in the potential the
neutral component of ∆ acquires an induced VEV at the tree level,
〈∆〉 = v∆√
2
= − λ5v
3
H
2
√
2M2∆
. (10.2.4)
However, v∆ suffers from strong bounds coming from the EW ρ parameter. In the BNTmodel the analytical form
of the ρ parameter is ρ ≈ (1−6v2∆/v2H). In order to satisfy the experimentally observed value, ρ = 1.00037+0.00023−0.00023
[623] at 2σ, v∆ is constrained to be v∆ . 1 GeV. In the above equation M∆ denotes the mass of the neutral
scalar ∆0, which can be expressed as
M2∆ = µ
2
∆ +
v2H
8
(4λ3 + 3λ4). (10.2.5)
On the other hand, masses of other members of ∆ quadruplet are given by
M2i = M
2
∆ −Qi
λ4
4
v2H , (10.2.6)
where Qi is the (non-negative) electric charge of the respective field. We neglect small corrections proportional
to v∆ in the above expressions since v∆  vH . The mass gaps are equally spaced. Also, two mass orderings
are possible here. For λ4 positive, we have the ordering M∆+++ < M∆++ < M∆+ < M∆0 and for λ4 negative,
we have the ordering M∆+++ > M∆++ > M∆+ > M∆0 . Clearly, large mass-gaps between the constituents
of the quadruplet can be developed by choosing a large value of λ4 that is allowed by perturbativity. These
mass-splittings are integral part of our present analysis. We shall see in subsequent sections that not only they
play a pivotal role in EW precision constraints but also LHC mass-reaches are highly dependent on them.
10.2.2 Generation of neutrino mass
Neutrino masses arise in the model from the renormalizable Lagrangian [615]
Lν−mass = YiLiLcH∗Σ1 + Y ′i Σ2∆LiL +MΣΣ2Σ1 + h.c., (10.2.7)
where Yi, Y ′i are Yukawa couplings and i is the generation index. Integrating out the Σ1,2 fermions, one obtains
an effective dimension-5 neutrino mass operator
Leff = −
(YiY
′
j + YjY
′
i )LiL
cLjLH
∗∆
MΣ
+ h.c. . (10.2.8)
The tree level diagram generating this operator is shown in Fig. 10.1 [615]. The detailed structure of the Yukawa
interactions are given in [616].
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Figure 10.1: Tree level diagram that generates dimension-7 operator for neutrino mass.
We have already seen from the analysis of the Higgs potential that ∆0 acquires an induced VEV v∆ =
−λ5v3/2M2∆. When this value is substituted in Eq. 10.2.8, to the leading order, we obtain the neutrino masses
at tree level, (mν)tree, which can be written as [615],
(mν)
tree
ij = −
(YiY
′
j + Y
′
i Yj)v∆vH
MΣ
=
λ5(YiY
′
j + Y
′
i Yj)v
4
H
2MΣM2∆0
. (10.2.9)
This provides us with a tree level dimension-7 neutrino mass generation mechanism. Clearly the particle content
of the model prevents it from developing a dimension-5 operator at the tree level. Nevertheless, there is no
mechanism present in the model that prevents generating a dimension-5 operator at the loop level. For the
diagram that generates the loop-level dimension-5 operator we refer the reader to Fig. 10.2 [616,617]. The loop
contribution to the neutrino mass, (mν)loop, can be computed at the leading order [O(v2H)] as [616] :
(mν)
loop
ij =
(
3 +
√
3
)
λ5v
2
HMΣ
(
YiY
′
j + Y
′
i Yj
)
32pi2 (M2∆ −M2H)
M2∆ log
(
M2Σ
M2∆
)
M2Σ −M2∆
−
M2H log
(
M2Σ
M2H
)
M2Σ −M2H
 . (10.2.10)
Figure 10.2: Loop level diagram that generates dimension-5 operator for neutrino mass.
It is important to examine what are the relevant massesM∆ andMΣ that determine the relative contribution
of the loop level dimension-5 operator in comparison with the tree level dimension-7 operator. In Fig. 10.3 we
plot (mν)
loop
ij /(mν)
tree
ij as a function of M∆ for three different values of MΣ. We should mention here that both
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∆0 and ∆± enters the loop level dimension-5 operator of Eq. 10.2.10 [616] but they are assumed to be the same
in the computation of Fig. 10.3 for simplicity. For MΣ = 0.5, 1 TeV (mν)treeij dominates over (mν)
loop
ij in the
range of M∆ . 2 TeV. In contrast, for MΣ = 5 TeV, (mν)loopij catches up with (mν)treeij at M∆ ∼ 0.75 TeV.
Thus, it is desirable to set MΣ . 1 TeV to test purely dimension-7 generation of neutrino mass at the LHC.
However, such a choice of the parameter will significantly increase the difficulty of signal simulation for LHC
searches. This is due to the fact that in the aforesaid scenario we shall not be able to integrate out MΣ and a
very careful and tedious treatment is needed regarding the charged lepton mass matrix without any significant
phenomenological gain at the LHC. On the other hand, for MΣ ∼ 5 TeV we can avoid this complexity and
perform relevant collider simulations with ease. In addition, the range of M∆ that is accessible for the ongoing
run of the LHC, as will be shown in Section 10.5.5, dimension-7 operator is still dominant with MΣ ∼ 5 TeV.
Also, we should emphasize here that our main goal in this paper is to study multiple aspects of the Higgs sector
of the BNT model. Various Higgs analyses performed in this paper are, to a large extent, not sensitive to
dimension-7 or dimension-5 neutrino mass generation operators. They can only alter the leptonic decay BRs of
Higgs bosons marginally and will not qualitatively impact the important conclusions of this study. Henceforth,
we set MΣ = 5 TeV for the rest of the paper.
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Figure 10.3: (mν)
loop
ij /(mν)
tree
ij as a function of M∆ for different values of MΣ.
We conclude this subsection by a brief remark on possible extensions of the BNT model, available in the
literature, that can potentially prevent the appearance of a dimension-5 operator via loops. One way to
achieve that is to impose a symmetry that forbids the generation of neutrino masses at dimensions d < 7.
In effective field theory language the dimension-5 and dimension-7 operators can be written as, O5 = LLHH
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and O7 = LLHH(H†H), respectively. Similarly, one can expand it further by adding higher powers of the
combination (H†H) to generate d > 7 dimension operators. The shortcoming of this approach is that (H†H)
is a singlet under any symmetry and does not carry any charge. Thus, one can not avert the problem and all
powers of (H†H) is allowed. Therefore, we need to add new Higgs field(s) to the theory and charge it under
some U(1) or discrete symmetry that allows dimension-7 operator but not any operator of lower dimensions.
In the context of the BNT model, one can add another Higgs doublet to the field, similar to the Two Higgs
Doublet Model [624,625], leading to the following effective Lagrangian in the n-th dimension
Ld=2n+5eff =
1
Λd−4NP
(LLHuHu) (HuHd)
n, n = 1, 2, 3, ... . (10.2.11)
The simplest pure dimension-7 model can be constructed from this effective Lagrangian by introducing a Z5
symmetry and assigning the following charges [626],
qHu = 0, qHd = 3, qL = 1, qE = 1, qQ = 0, qU = 0, qD = 2. (10.2.12)
One can also attain the same goal by using one Higgs doublet only and a singlet scalar [626]. A more complex
solution is realized within the next-to-minimal SUSY standard model, which contain two Higgs doublets and
a singlet [627]. Finally, if one is interested in pure dimension-7 loop induced neutrino mass generation, he/she
can take a look at at Ref. [628].
10.2.3 Neutrino mass hierarchies and Yukawa couplings
Next, we discuss the benchmark Yukawa couplings we used in our paper, consistent with all neutrino mass and
mixing data. In a basis, where the charged lepton mass matrix is diagonal, the light neutrino matrix (mν) can
be diagonalized as,
(mν)
diag = diag(m1,m2,m3) = U
T
PMNSmν UPMNS , (10.2.13)
where UPMNS is the neutrino mixing matrix. UPMNS is parametrized by three mixing angles θij (ij =
12, 13, 23), one Dirac phase (δ) and two Majorana phases (α1,2) as
UPMNS =

c12c13 s12c13 s13e
−iδ
−c23s12 − s23s13c12eiδ c23c12 − s23s13s12eiδ s23c13
s23s12 − c23s13c12eiδ −s23c12 − c23s13s12eiδ c23c13
 P, (10.2.14)
with cij (sij) = cos θij (sin θij) and P = diag(1, eiα1 , eiα2).
In the BNT model, due to the presence of two vector-like lepton triplets, the neutral lepton mass matrix
is 5 × 5 with rank 4 [616]. Therefore, the neutrino mass spectrum consists of one massless neutrino, two
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massive light neutrinos, and two heavy neutrinos, which are nearly degenerate. Since the lightest neutrino in
the model is massless, we can express the mass eigenvalues of two light massive neutrinos in terms of the solar
and atmospheric mass-squared differences as
• Normal Hierarchy (NH) : m1  m2 ≈ m3
m1 = 0, m2 =
√
∆m221, m3 =
√
∆m232 + ∆m
2
21 , (10.2.15)
• Inverted Hierarchy (IH) : m3  m1 ≈ m2
m3 = 0, m1 =
√
∆m213, m2 =
√
∆m213 + ∆m
2
21 , (10.2.16)
where ∆m2ij ≡ m2j −m2i . The best-fit values and 3σ ranges of oscillation parameters, extracted from [629], are
tabulated in Table 10.2. We also show, in the same table, the benchmark values of these parameters that we
shall use for the rest of the paper. We set all CP -violating phases to be 0, for simplicity, in our analysis.
Oscillation parameter Best-fit 3σ range Our benchmark
∆m221 [10
−5 eV2] 7.50 7.02→ 8.09 7.50
∆m23l [10
−3 eV2]
2.457 [NH] 2.317→ 2.607 [NH] 2.50
-2.449 [IH] −2.590→ −2.307 [IH] -2.50
sin2 θ12 0.304 0.270→ 0.344 0.320
sin2 θ23
0.452 [NH] 0.382→ 0.643 [NH]
0.500
0.579 [IH] 0.389→ 0.644 [IH]
sin2 θ13
0.0218 [NH] 0.0186→ 0.0250 [NH]
0.0250
0.0219 [IH] 0.0188→ 0.0251 [IH]
δ
0.85pi [NH]
0→ 2pi 0
0.71pi [IH]
Table 10.2: The best-fit values and 3σ ranges of neutrino oscillation parameters, extracted from the global
analysis of [629]. We show our choice of these parameters, used for the rest of the paper, in the last column.
Please note that ∆m23l ≡ ∆m232 > 0 for NH and ∆m23l ≡ ∆m231 < 0 for IH.
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10.3 Electroweak precision tests
In this section we put our effective theory, after integrating out MΣ, under the microscope of high precision
EW observables measured at the LEP and SLC. For heavy Σ1,2 the Higgs quadruplet, ∆, only contributes to
processes that can distort successful EW predictions of the SM. The principal effect of the SU(2)L quadruplet
on the EW observables enter by means of oblique parameters, which are nothing but the gauge boson vaccuum
polarization correlations [630]. The oblique parameters are parametrized by three independent parameters S, T
and U defined as [630]
αS ≡ 4e2[Π′33(0)−Π′3Q(0)] (10.3.17)
αT ≡ e
2
s2W c
2
WM
2
Z
[Π11(0)−Π33(0)]
αU ≡ 4e2[Π′11(0)−Π′33(0)],
where α is the fine structure constant and sW (cW ) are sine (cosine) of the EW mixing angle. ΠXY (X, Y =
1, 3, Q) represents the vacuum polarization amplitudes and Π′XY =
d
dq2
ΠXY (q
2).
Here, we make use of the general formulae of Ref. [631] to the quadruplet. Two important assumptions made
in the calculation of Ref. [631] are –(i) the complex scalar multiplet of interest does not acquire any VEV, and
(ii) it’s members do not mix with themselves or any other scalar. In the BNT model we have already seen that
v∆  vH is a necessary condition from EW ρ parameter. So, we can safely work in a v∆ → 0 paradigm. In
addition, the mixing terms between the SM-like Higgs h ≈ Re(φ0) and Re(∆0) are proportional to either v∆ or
λ5. For v∆  vH Eq. 10.2.4 tells us that we require
∣∣∣∣ λ5v∆
∣∣∣∣ 1 GeV−1 to achieve O(100-1000 GeV) mass for ∆.
Hence, applying the generic treatment of Ref. [631] is apt for our study.
The constraints on S, T and U are extracted from the global fit of the EW precision data. We use the fit
results from the GFitter collaboration [632] for the reference SM parameters mh = 126 GeV and mt = 173
GeV. The latest constraints are
Sexp = 0.03± 0.10, Texp = 0.05± 0.12, Uexp = 0.03± 0.10, (10.3.18)
with relative correlations
ρST = 0.89, ρTU = −0.83, ρSU = −0.54 . (10.3.19)
Using the above experimental values we constrain M∆±±± and λ4 by means of a two parameter χ2 analysis.
In Fig. 10.4 we show 95% C.L. limits EW precision test (EWPT) bounds on ∆M − M∆±±± plane by the
pink shaded region, with ∆M ≡ M∆±± −M∆±±± ≈ λ48
v2H
M∆±±±
. Additionally, we also present limits from
perturbativity of λ4 (≤
√
4pi) by the blue shaded region in Fig. 10.4. For large negative value of ∆M , lighter
members of the quadruplet will have negative masses. We constrain such scenarios by the orange shaded region.
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Figure 10.4: Summary of few experimental and theoretical constraints in the M∆++ −M∆+++ parameter
space. The pink contour excluded by EWPT at 95% C.L., the green region bounded by the measured Z and h
invisible widths. On the other hand, the blue and orange regions are excluded by perturbativity of λ4 (≤
√
4pi)
and positivity of M∆0 respectively.
Also for ∆M < 0 scenarios Z or h bosons can decay to neutral quadruplet members (which are the lightest)
in pair and which will in turn decay to a pair of neutrinos resulting in large invisible decay width of Z and h
boson measured at the LEP and LHC respectively. The constrain on the above cases from the measured Z and
h invisible decay widths are shown by the green shaded region in Fig. 10.4.
From Fig. 10.4 we can infer that at low M∆±±± the bounds are dominated by the S parameter. For larger
M∆±±± & 200 GeV the limits form T parameter takes over but for very large value of M∆±±± > 1 TeV the
perturbativity limit of λ4 impose the most stringent constraint on ∆M . One important observation from the
above figure is that EWPT limit the mass-splitting of the quadruplets to be . 30 GeV. This poses serious
problems for collider searches of ∆±±± (when it is the heaviest member of the quadruplet) or ∆±± (all cases).
For ∆M & 10 GeV cascade decay always dominates and with ∆M . 30 GeV the decay products will be too
soft to pass LHC thresholds, as we shall demonstrate in Section 10.5.4.
10.4 Constraints from LFV experiments
As it is well-known that experimental upper limits on lepton flavor violating decays provide important con-
straints on TeV-scale extensions of the standard model and thus it puts constraints on the free parameters of
our model also. In the canonical SM seesaw, the LFV decay rates induced by the neutrino mixings are highly
suppressed by the requirement that the scale of new physics is at 1015 GeV, and hence, are well below the cur-
rent experimental bounds. On the other hand, in the TeV scale BNT model, several new contributions appear
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Figure 10.5: Leading representative Feynman diagrams for µ→ eγ process.
due to the additional contributions from scalar quadruplet and triplet vector-like lepton members, which could
lead to sizeable LFV rates. Since we are concentrating on the scenario where vector-like leptons Σ′s are heavy
enough (∼ 5 TeV), whereas scalar quadruplet members are as light as less than a TeV, the contribution of
vector-like leptons (Σ′s) to the lepton flavor violating process µ→ eγ is negligible compared to the contribution
from the ∆ members. We refer the reader to ref. [619] for the complementary scenario. Leading representative
Feynman diagrams for µ→ eγ process is shown in Fig. 10.5. Here Charged scalars (∆±±,∆±) contribute more
dominantly than the neutral one.
Then, LFV µ→ eγ decay branching ratio can be easily calculated by
B(µ→ eγ) =
αQED |
(
M2ν
)
eµ
|2
108piG2F D
4
[
1
M2∆++
+
1
4M2∆+
]2
, (10.4.20)
where Mν = (mν)tot, and D is defined in Eq. 10.5.30.
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Figure 10.6: Bounds on v∆ −M∆++ plane from lepton flavor vioilating µ → eγ processes at 90% C.L. for
both NH [Left] and IH [Right] of neutrino masses. The area below the curves are ruled out.
We have used the currently most stringent bound by the MEG Collaboration, BR (µ→ eγ) < (5.7× 10−13)
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at 90% C.L. [620], and the bound on VEV v∆ as a function of M∆++ for a given mass splitting of the charged
scalars is shown in Fig. 10.6 for both NH [Left] and IH [Right]. The region below respective lines are ruled
out and µ → eγ essentially provides a lower bound on v∆. As we can see from Eq. 10.4.20, the contribution
from the doubly charged Higgs is the most dominant one. Mass splitting between ∆ members has no significant
impact in µ → eγ limits. Also, the above limits are not sensitive to the mass ordering of neutrinos. However,
in this model there exists a tree level diagram for µ → 3e mediated by the doubly charged scalar. It is worth
to mention that the constraints from µ → 3e is less stringent [621] than the corresponding of µ → eγ process.
We do not explicitly discuss here other LFV processes, such as µ → e conversion in nuclei, or electric dipole
moments [622], which are left for future studies in detail since they also impose weaker bounds on our parameter
space compared to µ→ eγ.
10.5 Collider Implications
This model provides an interesting avenue to test the neutrino mass generation mechanism at the LHC. The
presence of the isospin 3/2 scalar multiplet can give rise to rich phenomenology at the LHC. The collider
signatures of the BNT model has been studied in the literature [616,617]. However, there is not only new data
made public by the LHC experiments since then, resulting in updated constraints, but also few subtle points
regarding the phenomenology of multi-charged Higgs particles needs to be clarified that were absent in previous
analyses. In this section, we try to investigate the limits on the ∆ masses from the recent experimental data.
10.5.1 Constraints from h→ γγ at the LHC
Figure 10.7: Triangle diagrams that mediate h → γγ decay in the BNT model. Here ∆i stands for singly,
doubly and triply charged Higgs.
The BNT model is rich in multi-charged scalars. These multi-charged scalars can mediate SM-like Higgs
decay to a pair of photons in addition to t and W loops. A representative triangle loop diagram for these
processes is shown in Fig. 10.7. In fact, the ∆ mediated processes can both augment or suppress the SM
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predicted h→ γγ rate at the LHC depending on the signs and relative strengths of λ3 and λ4. This is because
the coupling between the SM-like Higgs h and a pair of singly, doubly and triply charged Higgs are
λ˜1 = vH
(
λ3 +
λ4
4
)
(10.5.21)
λ˜2 = vH
(
λ3 − λ4
4
)
λ˜3 = vH
(
λ3 − 3λ4
4
)
,
respectively.
For a given production process of a Higgs, denoted by X, and the subsequent decay into final state Y the
signal strength parameter, normalized to the SM values, is defined as
µY =
σX
σSMX
Γh→Y
ΓSMh→Y
ΓSMh,tot
Γh,tot
. (10.5.22)
In our study the new physics can influence only the total decay width, Γh,tot, and the partial decay rate, Γh→Y .
We formulate this change in the hγγ coupling as
ghγγ = κγ g
SM
hγγ , (10.5.23)
where [633–635]
κγ =
∣∣∣∣∣N ctQ2tvH A 12 (τt) + 1vHA1(τW ) +
3∑
i=1
λ˜iQ
2
i
2Mi
A0(τi)
∣∣∣∣∣
2
∣∣∣∣∣N ctQ2tvH A 12 (τt) + 1vHA1(τW )
∣∣∣∣∣
2 . (10.5.24)
Here, the loop functions are given by [633],
A0 = −τ + τ2f(τ), (10.5.25)
A 1
2
(τ) = 2τ [1 + (1− τ)f(τ)],
A1 = −2− 3τ(1 + (2− τ)f(τ)),
with
f(x) =

arcsin2[1/
√
x], if x ≥ 1
−1
4
[ln
1 +
√
1− x
1−√1− x − ipi]
2, if x < 1 .
(10.5.26)
The parameters τi = 4M2i /M2h are defined by the corresponding masses of the heavy loop particles. Thus, the
partial decay width of the SM-like Higgs to γγ can be written as
Γh→γγ
ΓSMh→γγ
= κ2γ . (10.5.27)
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Consequently the total decay width of h in terms of the rescaling factor κγ is [636,637]
Γh,tot
ΓSMh,tot
≈ 0.9977 + 0.0023κ2γ , (10.5.28)
with ΓSMhtot = 4.07 MeV [636].
Figure 10.8: Constraints form h → γγ decay rate measured by CMS in the M∆ −M∆±±± plane is shown
by the brown shaded region. We plot the limits for λ3 = −1 [top left], 1 [top right], -0.1 [bottom left] and 1
[bottom right]. The other colored regions has the same meaning as Fig. 10.4.
CMS and ATLAS both recently made public their h → γγ analysis, combining all production channels,
based on ∼ 36 fb−1 of data at 13 TeV center of mass energy. The measured strength (µγ) of the above decay
rate by CMS [638] and ATLAS [639] are µCMSγ = 1.16
+0.15
−0.14 and µ
ATLAS
γ = 0.99± 0.14 respectively. In Fig. 10.8
we overlay the limits obtained from µCMSγ , shown by brown shaded regions, on top of EWPT excluded regions
in ∆M −M∆±±± plane. From Eq. 10.5.22 we can notice that the strength of µγ in the BNT model is controlled
by a combination of λ3 and λ4. In the results of Fig. 10.8 λ4 is fixed by ∆M . So, we show our results in the
above figure for four values of λ3 = ±1, ±0.1. In Fig. 10.9 we plot the same bounds from µATLASγ . The shape
of exclusion contours from CMS and ATLAS differ marginally for the same value of λ3 since the measured µγ
by them are not the same.
We notice from Figs. 10.8 and 10.9 that h→ γγ limits depend strongly on the magnitude of λ3. For |λ3| & 1,
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h→ γγ excludes a relatively large fraction of the parameter space that is not ruled out by EWPT. In contrast,
if |λ3| assumes a small value (. 0.1) it will hardly add anything on top of EWPT bounds.
Figure 10.9: Constraints form h → γγ decay rate measured by ATLAS in the M∆ −M∆±±± plane is shown
by the brown shaded region. We plot the limits for λ3 = −1 [top left], 1 [top right], -0.1 [bottom left] and 1
[bottom right]. The other colored regions has the same meaning as Fig. 10.4
10.5.2 Production of ∆±± and ∆±±± at the LHC
Figure 10.10: Pair production [Left] and associated production [Right] of ∆±±± (∆±±) via DY processes.
A pair of ∆±±± (∆±±) can be produced at the LHC by Drell-Yan (DY) process via s-channel γ∗/Z boson
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exchange. Also, associated production of ∆±±±∆∓∓ (∆±±∆∓) is possible via s-channel W exchange. The
relevant diagrams for such processes are shown in Fig. 10.10. Being s-channel, DY pair production cross-
sections are significantly suppressed for large ∆±±± (∆±±) masses. Additionally, due to large electromagnetic
charges carried by ∆±±± (∆±±) they can be pair produced by photon fusion (PF) as well. We refer the reader
to Ref. [617] for Feynman diagrams relevant for the above process. In comparison with DY, photo-production
of these multi-charged scalars takes place via t and u-channel processes mediated by charged scalars and hence
falls less sharply for higher ∆ masses. Although the photo-production cross-section of triply and doubly charged
scalars benefit from enhancements by a factor of 34 and 24, respectively, due to their large electric charges but it
is suppressed, at the same time, by the tiny parton density of photon inside a proton. For a detailed discussion
on parton density function of photons from different collaborations we refer the reader to Refs. [617,640]. In this
study, we use the NNPDF23_lo_as_130 PDF set [641] which contains photon PDF. It is important to point out
that although including PF boosts the production cross-section for heavier masses, they also suffer from large
uncertainties. In this analysis, we build on the work of the above references and include the errors associated
with using all the available eigenvector sets of a given PDF.
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Figure 10.11: The cross-sections of various PP and AP channels for
√
s = 13 TeV. No mass-splitting between
the quadruplet components are considered here. Large mass-splittings will change AP cross-sections. The
uncertainties associated with the variation of PDF eigenvector sets are shown by bands of the same color as the
cross-section curves.
In Fig. 10.11 we present cross-sections of various pair-production and associated production processes. We
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employ MadGraph5_aMC@NLO_v2.5.4 code [642] for our calculation, where the BNT model is implemented using
FeynRules_v2.0 [643]. We have not used any K-factor in above computations. Pair production of ∆±±± and
∆±± via DY mechanism are shown by green and thin orange lines respectively. The same for the above two
particles in a combination of DY and PF are depicted by dot-dashed red and dashed blue lines. In contrast,
dashed brown and thick yellow lines represent associated production cross-sections for the same two particles.
The uncertainties related to each process due to PDF variation are encoded within a band of the same color
as the respective cross-section curve. As expected, the presence of t-channel diagrams of PF enhances pair
production cross-sections of both doubly and triply charged bosons significantly for masses above 500 GeV.
However, while errors of DY processes are tiny (∼ 5%), the large error bands of the two channels that include
PF will not escape the reader’s attention. In fact, the error of DY+PF channels are > 100% forM∆ & 500 GeV.
So, one can infer from the results of Fig. 10.11 that although adding PF to DY production provides an apparent
enhancement in pair production cross-section, but one can not be certain about such increase in cross-section
due to enormous PDF uncertainty associated with PF. Hence, we ignore the inclusion of PF in this paper.
10.5.3 Decay of ∆±± and ∆±±±
In this section we discuss the decay of doubly and triply charged Higgs bosons of the BNT model in details.
Especially, we shall pay particular attention to proper decay length of these particles and the corresponding
implications for their LHC detection. Another point we want to emphasize is that for our choice of MΣ = 5
TeV, (mν)treeij ∼ (mν)loopij for a range of M∆ that is accessible to the future high luminosity LHC run. The
interplay between these two contributions should reflect in the leptonic branching ratios (BR) of the quadruplet
components. This point was not considered by previous LHC studies [616,617] of the BNT model. The inclusion
of dimension-5 loop contribution to the Yukawa couplings changes the value of v∆ where the cross-over from
leptonic to bosonic decay channels takes place.
First, let us quantify the impact of the inclusion of dimension-5 contribution to the Yukawa couplings. In
the absence of dmension-5 operator, from Eq. 10.2.8 and 10.2.9 one can deduce the Feynman rule corresponding
to the coupling of lepton doublets with the Higgs qudruplet − 2√
3
(YiY
′
j + YjY
′
i )vH√
2MΣ
=
2√
6
(mν)
tree
ij
v∆
, where the
pre-factor 2 in the numerator arises since the coupling can come from two vertices and the other factor 1/
√
3
comes from Clebsch-Gordon coefficient related to the interaction of Eq. 10.2.8, as described in Appendix ??.
Now, if we include the loop contribution the above Feynman rule modifies to
hij = − 2√
3
(YiY
′
j + YjY
′
i )vH√
2MΣ
=
2√
6
(mν)
tot
ij
D
, (10.5.29)
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where (mν)totij = (mν)treeij + (mν)
loop
ij and D is given by
D = v∆ −
(
3 +
√
3
)
λ5vHM
2
Σ
(
YiY
′
j + Y
′
i Yj
)
32pi2 (M2∆ −M2H)
M2∆ log
(
M2Σ
M2∆
)
M2Σ −M2∆
−
M2H log
(
M2Σ
M2H
)
M2Σ −M2H
 . (10.5.30)
Figure 10.12: Feynman diagrams for decay of ∆±±.
Next, we list the decay widths of doubly-charged Higgs in various channels. The corresponding Feynman
diagrams are shown in Fig. 10.12. The decay of ∆±± can happen in four possible channels. While l±i l
±
j and
W±W± final states are always accessible, cascade decays ∆pi and ∆W ∗ open up only when the mass-splitting
between quadruplet members are non-zero. We should note that ∆±± can not be either lightest or heaviest
member of the ∆ multiplet under any circumstances. Hence, for non-zero mass-gap it can decay in cascades via
∆±X± or ∆±±±X∓ (where X = pi,W ∗) depending on whether ∆M < 0 or ∆M > 0. So, the relevant decay
width formulas of ∆±± are [644,645]
Γ(∆±± → l±i l±j ) =
|hij |2M∆±±
4pi(1 + δij)
(
1− m
2
i
M2∆±±
− m
2
j
M2∆±±
)[
λ(
m2i
M2∆±±
,
m2j
M2∆±±
)
]1/2
,
Γ(∆±± →W±W±) = S2W±W±
g4v2∆M
3
∆±±
16piM4W
(
3M4W
M4∆±±
M2W
M2∆±±
+
1
4
)
β
(
M2W
M2∆±±
)
,
Γ(∆±± → ∆±pi±) = S2∆±W±
g4|Vud|2∆M3f2pi
16piM4W
,
Γ(∆±± → ∆±l±νl) = S2∆±W±
g4∆M5
240pi3M4W
,
Γ(∆±± → ∆±qq′) = 3 Γ(∆±± → ∆±l±νl),
Γ(∆±± →W±W±∗) = S2W±W±
3g6M∆±±
512pi3
v2∆
M2W
F
(
M2W
M2∆±±
)
, (10.5.31)
where SW±W± =
√
3 and S∆±W± =
√
2 are scale factors that we use to convert the expressions of decay widths
given in Refs. [644, 645] for SU(2) triplet to quadruplet. Here, Vud is the ud element of the CKM matrix and
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fpi = 131 MeV is the pion decay constant. One can easily use the results of Γ(∆±± → ∆±X±) to derive
Γ(∆±± → ∆±±±X∓) decay widths by changing the scale factor from S∆±W± to S∆±±±W∓ =
√
3/2. The
kinematic functions are given by
λ(x, y) = 1 + x2 + y2 − 2xy − 2x− 2z,
β(x) =
√
1− 4x,
F (x) = −|1− x|
(
47
2
x− 13
2
+
1
x
)
+ 3(1− 6x+ 4x2)| log√x|
+
3(1− 8x+ 20x2)√
4x− 1 arccos
(3x− 1
2x3/2
)
. (10.5.32)
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Figure 10.13: Generic decay phase diagram for ∆±± decays in the BNT model, with M∆±± = 400 GeV. In
the top panel we show the scenarios when ∆M < 0 [Left] and ∆M > 0 [Right] respectively for NH of neutrino
masses. In the lower panel the same is shown for IH. Here ∆M = M∆±± −M∆±±±
In Fig. 10.13 we present a set of representative decay phase diagrams of ∆±± in ∆M − v∆ plane for
M∆±± = 400 GeV. In the top panel we show the scenarios when ∆M < 0 (Left) and ∆M > 0 (Right)
respectively for NH of neutrino masses. In the lower panel, the same is shown for IH. The feature of four plots
is almost identical. From Eq. 10.5.31 it is clear that the leptonic decay BR of ∆±± falls with v∆ but the gauge
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boson decay BR increases with v∆. The cross-over between leptonic decay dominated region to gauge boson
dominated one happens at v∆ = 4.6 × 10−5 (5.4 × 10−5) GeV for NH (IH) with ∆M ∼ 0. Neglecting the loop
contribution in the leptonic couplings of Eq. 10.5.29 will shift the cross-over point to a 18% higher value in v∆ for
both NH and IH. On the other hand, cascade decay channels open up for ∆M 6= 0 and they becomes dominant
for ∆M ≈ 2 − 20 GeV depending on the exact value of v∆. Now, a few comments are in order for cascade
decay channels. Clearly, for ∆M below the charged pion mass of 140 MeV the only cascade decay channels
open are ∆±± → ∆±l±νl (l = e, µ). Once the pion channel is open, it will dwarf the leptonic channels decay
width. Then at their respective masses, other charged mesons like kaon channels will be accessible. However,
they will always be sub-dominant compared to the pion channel. For ∆M > mτ the third lepton channel will
be available. Finally, for ∆M ∼ O(2 GeV) the light quarks will cease to be confined, and they can be treated as
free particles. So, at this stage we can ignore the mesonic decay channels and replace them by ∆±± → ∆±qq′.
Let us focus now on the total decay width ∆±±. We have seen above that the total decay width of ∆±±
depends on neutrino and Higgs quadruplet parameters. In Fig. 10.14 we present the proper decay length, cτ , of
∆±± for four different settings of M∆±± and ∆M for both NH (Left panel) and IH (Right panel). As seen in
the Fig. 10.14 that cτ & 10 µm is achievable for M∆±± . 200 GeV. A general feature of both plots of the above
figure is that the proper decay length is maximum when the cross-over between ll and WW dominant regions
happens at v∆ ∼ 10−5 − 10−4 GeV with ∆M = 0. However, the introduction of even a tiny mass-splitting
reduces cτ drastically since the cascade decay channels start dominating. Cascade decay widths are not tiny
since they are not proportional to small parameter v∆ or mν . In Fig. 10.14 we show few cases for ∆M = ±2.5
GeV to illustrate this behaviour. Given the total decay width of ∆±± we obtained it can not be a long-lived
charged particle but they can possibly give rise to large displaced vertices. To place our calculated cτ∆±± in
some perspective we want to draw the readers attention to the latest CMS search of ∆±± [646]. This prompt
lepton study is sensitive to lepton tracks that start from a distance of O(100µm) from primary vertex (see
Section 4 of the above reference). Also, CMS initiate their displaced vertex searches for a proper decay length
of O(100µm) [648]. We highlight this threshold proper decay length value by gray horizontal lines in Figs. 10.14
and 10.17 . Hence, when BRs of ∆±± in ll and WW channels are comparable, it may remain beyond the
traditional prompt-lepton searches of the LHC for a small range of ∆±± mass (. 200 GeV) with ∆M ∼ 0.
Finally, we investigate various decay channels of the triply-charged Higgs. In the BNT model ∆±±± can be
the lightest (heaviest) particle of the quadruplet for the ∆M > 0 (∆M < 0) case. In the first case it can only
decay in three-body final states llW or WWW via an off-shell ∆±± exchange. In the latter case it will always
decay to either ∆±±W±∗ or ∆±±pi±. the relevant Feynman diagrams are presented in Fig. 10.15. Decay of
∆±±±, when it is the lightest, is an unique feature of this model. We discuss these decay channels in detail
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Figure 10.14: Proper decay length of ∆±± for different values of M∆±± and ∆M for both NH [Left] and
IH [Right] of neutrino masses. The gray horizontal lines in both panels refer to the limiting value of cτ , up to
which prompt-lepton searches at the LHC remain sensitive.
below. On the other hand, for ∆M < 0 the decay of ∆±±± is very similar to ∆±± decay and one can easily
convert the results of Eq. 10.5.31 for this purpose. The decay widths of ∆±±± for ∆M ≥ 0 scenarios are given
by
Γ(∆±±± → l±i l±j W±) =
g2
1536(1 + δij)pi3
M∆±±±(mν)
tot
ij
2
v2∆
J,
Γ(∆±± →W±W±W±) = 3g
6
4096pi3
M5∆±±±v
2
∆
M6W
I, (10.5.33)
where I, J are dimensionless integrals, with values ≈ 1 in the limit M∆±±± MW and M∆±±±  Γ∆±±± . The
decay phase diagram of ∆±±± is shown in Fig. 10.16 for M∆±±± = 400 GeV. We see from Fig. 10.16 that llW
decays of ∆±±± dominate for v∆ < 3.1 × 10−5 (3.6 × 10−5) GeV and the WWW decay dominates otherwise
for NH (IH). Similar to ∆±± decay, neglicting the dimension-5 contribution in the couplings of Eq. 10.5.29 will
move the cross-over point by 17% in v∆ to the higher side. The mass-splitting has minimal impact on the decay
phase diagrams.
Since ∆±±± decays to three body final states for ∆M ≥ 0, its proper decay decay length is expected to be
very large as confirmed by Fig. 10.17. For the range of ∆±±± mass that is not excluded by EWPT, cτ can be as
large as few mm. However, for heavier masses it falls sharply, as expected. Similar to ∆±±, cτ is maximum for
a value of v∆ where the transition happens from llW dominated decay to WWW dominated decay of ∆±±±.
In general, the effect of mass-splitting is marginal since in ∆M ≥ 0 case ∆±±± is the lightest member of the
quadruplet and no cascade channel is available. Nonetheless, it can change the decay length marginally in the
llW dominated region due to the mass-splitting entering in dimension-5 contribution to Yukawa couplings via
∆0 and ∆± mass. Thus, we can infer beyond any reasonable doubt that for a large range of parameter space
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Figure 10.15: Feynman diagrams for decay of ∆±±±. The top two diagrams are for ∆M > 0 and the bottom
two diagrams are for ∆M < 0
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Figure 10.16: Generic decay phase diagram for ∆±±± decays in the BNT model, with M∆±±± = 400 GeV
and ∆M ≥ 0, for both NH [Left] and IH [Right] of neutrino masses.
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where llW and WWW decay widths are commensurable, ∆±±± will elude any prompt lepton search at the
LHC. In contrast, for ∆M < 0 scenario ∆±±± always decay via cascade and such channels have large decay
width, which makes them less interesting.
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Figure 10.17: Proper decay length of ∆±±± for different values of M∆±±± and ∆M for both NH [Left] and
IH [Right] of neutrino masses. The gray horizontal lines in both panels refer to the limiting value of cτ , up to
which prompt-lepton searches at the LHC remain sensitive.
10.5.4 Searches for ∆±± at the LHC
The LHC experiments are searching for doubly charged Higgs boson for some time. CMS collaboration has
made public their latest Run-II analysis with 12.9 fb−1 [646] of data. With 36.1 fb−1 [647] of data ATLAS offer
similar exclusion limits. Two crucial aspects of the CMS analysis are that they only consider scenarios where
∆M = 0 and also assume that ∆±± decays 100% to a particular flavor combination of l±l±. Ref. [617] also use
LHC Run-I data to impose bounds on ∆±± in the context of the BNT model. However, in a realistic scenario,
consistent with available neutrino mass and mixing data, no leptonic channel will have 100% BR. Hence, the
novelty of our analysis is to take into account a benchmark for both NH and IH, as outlined in Section 10.2.3,
and investigate how the limits relax in each case.
CMS conduct their search for doubly charged Higgs in exactly 3l final state for its associated production
with a singly charged Higgs. In the BNT model, ∆±± can also be produced in association with ∆±±±, which
can potentially double the production cross-section. However, for this channel ∆±±± → l±l±W± (∆±±W ∗±)
decay for ∆M > 0 (∆M < 0) case will give rise to extra leptons in the final state and they will not pass the
additional lepton-veto criteria of the CMS analysis. In contrast, pair production of ∆±± for the ∆M > 0 case
mentioned above will be sensitive to this study if one lepton is lost or mistagged, but given the range of M∆±±
we are interested in, the occurrence of such events is very unlikely. This is because the decay of ∆±± leads to
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appreciably energetic leptons [649], which has high tagging efficiency.
On the other hand, for the 4l study CMS does not require any veto on additional leptons. So, for this final
state, not only the pair production of ∆±± will contribute but also in the ∆M < 0 case the pair production
of ∆±±± will assist. Therefore, the limits drawn from this study will have some asymmetry between ∆M < 0
and ∆M > 0 cases. Another important point we need to address for pair productions of the doubly and triply
charged Higgs bosons is whether to include PF in deriving the limits or not. As mentioned previously we choose
to adopt a conservative approach in this paper and used DY only for our calculation due to large uncertainties
associated with the photon PDF.
Figure 10.18: Constraints form CMS searches for ∆±± using 12.9 fb−1 integrated luminosity at
√
s = 13 TeV.
v∆ is fixed at 10−6 GeV so that ∆±± decays leptonically when ∆M = 0. We show the limits derived from 3l
search [Top Left] and 4l search [Top Right] for NH by cyan shaded regions. The two figures in the bottom panel
are the same for IH. We also impose cτ∆±± < 100µm. The bounds derived for NH (IH) are from µµ (ee) decay
channel. Only DY production is considered in the figure. The other colored regions has the same meaning as
Fig. 10.4.
Also, when ∆±± dominantly decays in cascade, it can easily give rise to 3 or 4 leptons in the final state.
However, such leptons will come from off-shell W bosons, and the momentum they carry will have an upper
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bound of ∆M . We have seen from Fig. 10.4 that EWPT bound limits ∆M . 30 GeV for the most part of
the range of M∆±± we are studying. We need to juxtapose this limitation with the requirement of the CMS
analysis that at least one lepton should have pT > 30 GeV and others should satisfy pT > 20 GeV. Therefore, a
tiny amount of cascade events will pass these hard cuts on lepton pT . Furthermore, these soft leptons will not
be able to reconstruct the narrow M∆±± mass peak, which is a criterion in the CMS analysis, due to significant
momenta will be carried away by missing neutrinos. Hence, we don’t consider cascade decay products of ∆±± in
the subsequent computations. Interestingly, the compressed spectra are very similar to certain supersymmetric
scenarios, well studied in the literature [650].
In Fig. 10.18 we plot the bounds derived from CMS search of Ref. [646], on top of EWPT excluded regions
in ∆M −M∆±±± plane for v∆ = 10−6 GeV. This choice of v∆ ensures that ∆±± decays leptonically when
∆M = 0. The exclusion contours from the 3l [Left] and 4l [Right] final states are shown in the top panel for NH
by cyan shaded regions. The bottom panel contains the same for IH. Additionally we require cτ∆±± < 100µm
so that the leptonic decay products are prompt. As mentioned earlier in the section we consider DY production
of ∆±± only in the above figure. We should mention here that in Fig. 10.18 we only show the limits from the
flavor combination decay channel that offers the strongest bound. So, for NH and IH we only show bounds
derived from µµ and ee channels, respectively. Although ∆±± has a large BR to ττ decay for NH, this channel
does not impose strong bounds due to poor τ identification efficiency at the LHC. One may try to combine
different channels which will lead to an even stronger bound. However, we don’t attempt to do that in this
paper.
In general, CMS search for ∆±± using 12.9 fb−1 integrated luminosity at
√
s = 13 TeV boundsM∆±± & 600
GeV (at 95% CL) for ∆M . 5 GeV in the 3l final state for both NH and IH. For the 4l analysis the bounds
derived, using DY only, are M∆±± & 600 (400) GeV for ∆M < 0 (∆M > 0) for IH. The bounds for NH are
weaker by ∼ 50 GeV compared to IH.
Fig. 10.19 is the same as Fig. 10.18 but for v∆ = 5× 10−5 GeV. For such a value of v∆ we have BR(∆±± →
l±l±) ≈ BR(∆±± → W±W±), when cascade decay channels are not open. As expected, the bounds are
relatively weak compared to the previous case. Interestingly, the bounds for NH and IH differ appreciably. From
the 3l analysis we obtain a bound of M∆±± & 400 (500) GeV for NH (IH), with ∆M ∼ 0. Similarly, from the 4l
final state we get,M∆±± & 350 (500) GeV for NH (IH), again with ∆M ∼ 0. The difference between the NH and
IH bounds are due the fact that the cross-over between dominantly ll decay to dominantly WW decay does not
happen for the same v∆ for them. So, for a choice of v∆ for which BR(∆±± → l±l±) ≈ BR(∆±± →W±W±)
for IH, the NH BP will be relatively in the WW decay dominated region.
For a larger value of v∆ theWW BR will rapidly increase at the expense of ll BR. Hence, the bounds derived
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Figure 10.19: Constraints form CMS searches for ∆±± using 12.9 fb−1 integrated luminosity at
√
s = 13
TeV. v∆ is fixed at 5× 10−5 GeV so that ∆±± decays to a pair of leptons or gauge bosons with equal BR when
∆M = 0. We show the limits derived from 3l search [Top Left] and 4l search [Top Right] for NH by cyan
shaded region. The two figures in the bottom panel are the same for IH. We also impose cτ∆±± < 100µm. The
bounds derived for NH (IH) are from µµ (ee) decay channel. Only DY production is considered in the figure.
The other colored regions has the same meaning as Fig. 10.4.
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from the CMS analysis of Ref. [646] for v∆ & 10−4 GeV will be very weak, which will be discussed elsewhere.
No dedicated study by CMS or ATLAS exist for ∆±± → W±W±. However, Ref. [651] estimated a bound of
M∆±± > 84 GeV for such decays using ATLAS Run-I results [812].
10.5.5 Signal of ∆±±± at the LHC
In the previous section we discussed LHC studies that are searching for ∆±±. However, ∆±± is not exclusive to
this model, it may also arise in other models, such as, Georgi-Machacek model [653], Littlest Higgs model [654],
3-3-1 models [655,656], Type II seesaw models [612], left-right symmetric models [826,827] and radiative neutrino
mass models [828]. Discovering/excluding ∆±± alone will not identify/falsify the BNT model. In addition, from
Figs. 10.18, 10.19, we have noticed that the LHC can constrain M∆±± for ∆M < 5 GeV only. Hence, to search
for ∆±±± directly at the LHC is imperative for the validation of the BNT model.
In this section we present a feasibility study of potential reach of the LHC in search for ∆±±±. We search
for ∆±±± in same-sign (SS) 3l (l = e, µ) final state. We have already mentioned that the BNT model is
implemented with the FeynRules_v2.0 [643] package. The signal and background events are generated using
MadGraph5_aMC@NLO_v2.5.4 code [642] followed by showering and hadronization by PYTHIA_v8.2 [659] and
the detector simulation by DELPHES_v3.3 [660]. We produce ∆±±± by a combination of pp→ ∆±±±∆∓∓∓ +
∆±±∆∓∓ + ∆±±±∆∓∓ processes.
The major SM backgrounds for our signal are tt¯W±+jets. However, W±Z+jets and
Z/γ∗(→ l+l−)Z+jets may also contribute in case of mis-measurement of the charge of a lepton. The latter
backgrounds, in fact, dominate over the former since their production cross-sections are significantly higher.
tt¯Z(γ∗)+jets, tt¯bb¯ and tt¯tt¯ will also contribute but they are much smaller compared to tt¯W± [616] and we neglect
them in our analysis. All the backgrounds are generated including upto one parton. The MLM scheme [661]
for jet-parton matching has been employed to avoid double counting. For the backgrounds, W,Z bosons
and top quarks are decayed in their respective leptonic decay channels with the MadSpin [662] module of
MadGraph5. In contrast, for the signal samples, the multi-charged Higgs bosons has been decayed within
PYTHIA. We perform all cross-section calculations at tree-level and do not include any K-factor. Therefore, our
estimates for signal significance will likely be conservative. We use the default Delphes 3.3 detector card for
various object reconstruction, with jet clustering performed using the anti-kt algorithm. The above detector
card employ the following lepton and b-quark reconstruction criteria
• Lepton identification and efficiency: electrons and muons are identified for pT > 10 GeV with |η| < 2.4.
While the electron efficiency is 85% and 95% for |η| < 1.5 and 1.5 < |η| < 2.4, respectively, the muon
efficiency is kept constant at 95% over the whole pseudo-rapidity range.
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• Lepton isolation: lepton isolation is parametrized by Irel < 0.25 (0.12) for µ (e), where Irel is the ratio
of the sum of transverse momenta of isolation objects (tracks, calorimeter towers, etc) within a ∆R =√
(∆η)2 + (∆φ)2 = 0.5 cone around a candidate, and the candidate’s transverse momentum.
• b-tagging efficiency: the b-tagging efficiency is just above 70% for transverse momenta between 85 and
250 GeV, with a mistag rate . 2%, coming from u, d, c, s, g jets, over the same energy range.
Next, using the above reconstructed objects we list the selection cuts used in our SS 3l study. They are -
1. Basic cuts: The signal and background events are preselected with the requirement of pTl(j) > 10 (20) GeV
and |ηl(j)| < 2.4(5). The subsequent cuts applied on the pre-selected events are optimized to maximize
the signal significance, S/
√
S +B, where S and B denote signal and background rates.
2. ≥ 3 SS leptons: We select events with at least 3 isolated SS light leptons (e, µ).
3. Lepton pT cuts: We impose the following stringent pT cuts on the selected SS leptons, pTl1 > 30 GeV,
pTl2 > 30 GeV and pTl3 > 20 GeV.
4. Missing energy cut: The missing energy cut is not very effective for the signal process after applying the
hard lepton pT cuts. The pT cuts force the QCD radiation into a regime where jets produce a fair amount
of missing energy as well. Hence, we enforce a nominal E/T > 30 GeV.
5. Z-veto: If leptons having a charge opposite of that of the three tagged leptons are present in an event, we
veto such an event if any opposite-sign same flavor lepton pair combination satisfy 80 GeV < Ml±l∓ <100
GeV.
6. b-veto: We veto any events with one or more identified b-tagged jets, with pT > 20 GeV and |η| < 2.5.
Table 10.3 gives the signal and background cross-sections at
√
s = 14 TeV after applying each cut listed above,
accompanied by corresponding statistical errors. For the signal we choose a BP with (M∆±±± ,∆M,v∆) = (400,
0, 10−6) GeV for NH of neutrino masses. v∆ is chosen to be 10−6 GeV to ensure BR(∆±±± → l±l±W±) = 1,
when ∆±±± is the lightest member of the quadruplet. Here we use 14 TeV of center of mass energy as
opposed to 13 TeV used in previous sub-sections. This is due to the fact that we intend to estimate the
discovery potential of ∆±±± not only at an immediately achievable integrated luminosity of 100 fb−1, but also
at high luminosity of 3000 fb−1. The LHC is expected to run at 14 TeV for that high luminosity benchmark.
Elevating the center of mass energy to 14 TeV for our simulation leads to an increase in overall cross-section of
pp → ∆±±±∆∓∓∓ + ∆±±∆∓∓ + ∆±±∆∓∓ processes by ∼ 20%. Clearly, Table 10.3 indicates that the final
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(M∆±±± ,∆M,v∆) Selection Signal WZ+ jets Zl+l−+ jets tt¯W+ jets
GeV Cuts [fb] [fb] [fb] [fb]
(400, 0, 10−6)
Basic cuts 23.35± 0.1044 1167± 1.948 155.5± 0.2596 24.41± 0.0446
≥ 3 SS leptons 1.670± 0.0279 0.0975± 0.0178 0.0347± 0.0039 0.0044± 0.0006
Lepton pT cuts 1.443± 0.0260 0.0227± 0.0086 0.0087± 0.0019 0.0017± 0.0004
Z-veto 1.2847± 0.0245 0.0130± 0.0065 0.0039± 0.0013 0.0015± 0.0003
b-veto 1.1946± 0.0236 0.0130± 0.0065 0.0039± 0.0013 0.0003± 0.0002
Table 10.3: Summary of the signal and the background cross-sections and corresponding statistical errors at
our chosen benchmark point, after each kinematical cut, for NH of neutrino masses. The LHC center of mass
energy is 14 TeV. In the first row, all background cross-sections are presented after decaying top quarks and
W,Z bosons in their respective leptonic channels within MadSpin.
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Figure 10.20: The invariant mass of the three leading SS light leptons and E/T for the signal, after all the
kinematic cuts. We keep (M∆±±± ,∆M) =(400, 0) GeV fixed for three distinct BR scenarios. The BP is chosen
for NH of neutrino masses.
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state we are studying is almost devoid of SM background for our chosen BP. We don’t show the the effect of
E/T cut in the above cut-flow table since both signal and background has ∼ 100% efficiency for that cut.
Fig. 10.20 shows the invariant mass of the three leading SS leptons and E/T for the signal with (M∆±±±,∆M ) =(400,
0) GeV for NH. We set v∆ = 10−6 GeV, 6 × 10−5 GeV, 5 × 10−3 GeV to achieve BR(∆±±± → l±l±W±) = 1,
BR(∆±±± → l±l±W±) = 0.5, and BR(∆±±± → W±W±W±) = 1, respectively. While we see a peak close to
but not exactly at M∆±±± for the first two cases, the peak is shifted significantly to a lower mass for the third
case due to a large fraction of momentum carried by neutrinos coming from three W decays.
In Fig. 10.21 we present 5σ discovery reaches of ∆±±± at
√
s = 14 TeV for integrated luminosities 100
fb−1 and 3000 fb−1. We show mass reach for both NH [Left panel] and IH [Right panel] of neutrino masses
for v∆ = 10−6 GeV. Also, for this value of v∆, cτ∆±±± . 100µm is definitely satisfied (cf. Fig. 10.17). The
difference in mass reaches for NH and IH are minimal. We find that at 5σ level M∆±±± can be probed upto
∼ 600 GeV for 100 fb−1, and ∼ 950 GeV with 3000 fb−1.
Figure 10.21: Discovery reach (5σ) of ∆±±± at the LHC at
√
s = 14 TeV for integrated luminosities 100 fb−1
and 3000 fb−1. We show mass reach for both NH [Left] and IH [Right] of neutrino masses.v∆ is set at 10−6
GeV to ensure BR(∆±±± → l±l±W±) = 1 for ∆M > 0. The other colored regions has the same meaning as
Fig. 10.4.
Fig. 10.22 is the same as Fig. 10.21 but for v∆ = 5 × 10−3 GeV that simultaneously ensures BR(∆±±± →
W±W±W±) = 1 for ∆M > 0, and cτ∆±±± . 100µm (cf. Fig. 10.17). The discovery potentials of M∆±±± at
the LHC are ∼ 325 GeV and ∼ 600 GeV with 100 fb−1 and 3000 fb−1 of integrated luminosities, respectively.
We don’t show a separate plot for BR(∆±±± → l±l±W±) =BR(∆±±± → W±W±W±) = 0.5 cases as most
of the parameter space that can be probed at 100 fb−1 will possess cτ∆±±± & 100µm and will not respond to
our prompt lepton search strategy. Nonetheless, 3000 fb−1 of integrated luminosity will offer a discovery reach
for M∆±±± ∼ 500− 900 GeV for ∆M ≥ 0. One important point to notice is that we cover the entire ∆M ≥ 0
range allowed by EWPT in all cases.
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One common feature of both Fig. 10.21 and Fig. 10.22 is that our SS 3l search strategy is sensitive to a mass-
splitting of . 10 GeV when ∆±±± is the heaviest member of the quadruplet. In those scenarios cascade decay
of ∆±±± will give rise to soft leptons that won’t pass through our strong lepton pT cuts. A dedicated study is
needed with boosted topologies for this kind of mass spectra, similar in flavor to compressed supersymmetric
spectra studies [650]. One might use the use of Bayesian optimization techniques, as recently outlined in
Ref. [663], for a systematic study of compressed spectra.
Figure 10.22: Discovery reach (5σ) of ∆±±± at the LHC at
√
s = 14 TeV for integrated luminosities 100 fb−1
and 3000 fb−1. We show mass reach for both NH [Left] and IH [Right] of neutrino masses.v∆ is set at 5× 10−3
GeV to ensure BR(∆±±± → W±W±W±) = 1 for ∆M > 0. The other colored regions has the same meaning
as Fig. 10.4.
Finally, a comment is in order to distinguish NH and IH scenarios. The best way to distinguish them is to
probe different flavor combinational leptonic decay channels of ∆±±. We refer the reader to Ref. [645] for a
detailed study on this, also including the impact of Dirac and Majorana phases. However, as it is made clear
earlier in our analysis of Section 10.5.4, any search of ∆±± is futile for ∆M & 5 GeV in the context of this model.
Our SS 3l search of this section is, on the other hand, can probe all ∆M ≥ 0 mass spectra but the total signal
yield for both NH and IH are very similar. For example, for our chosen BP of (M∆±±± ,∆M,v∆) = (400, 0, 10−6)
GeV, we expect to produce 119 and 111 events at 100 fb−1 for NH and IH. However, one needs to classify these
SS 3l events in different lepton flavor combinations to compare NH and IH more meticulously. A comparison,
in that spirit, is presented in Table 10.4 for the above BP. The experimentally measured neutrino mixing angles
implies that the heaviest neutrino mass state contains a tiny fraction of νe for NH. Thus, one would expect very
few events involving e compared to µ, as reflected in Table 10.4. In contrast, for IH the more massive neutrino
mass states have large νe and νµ components. Therefore, a comparable number of e and µ events are expected
in this case, which can again be noticed from Table 10.4. Although the lepton flavor combinations of SS 3l final
state events are more or less reflective of neutrino mixing hierarchies, one should also keep in mind that e, µ
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identification efficiencies, and energy resolutions differ, but they are expected to have minimal impact on our
analysis due to strong pT cuts used.
SS 3l eee eeµ eµµ µµµ Total events
NH 1 9 62 47 119
IH 31 54 14 12 111
Table 10.4: Neutrino mass hierarchy dependency in SS 3l signal in llW dominant region.
10.6 Conclusions
We study various phenomenological implications of a dimension-7 neutrino mass generation mechanism, as
proposed in the BNT model [615], in this paper. The model contains an isospin 3/2 scalar quadruplet (∆) and
two vector-like iso-triplet leptons (Σ1,2), in addition to the SM field content. We reiterate the claim of Ref. [615]
that one can get light neutrino masses, consistent with observed oscillation parameters, with O(TeV) scale new
physics. Although the dimension-7 operator develops neutrino masses at tree level, the model can not prevent
dimension-5 operator contributions to the same at loop level. In fact, one needs to set MΣ . 1 TeV to probe
dimension-7 operator contribution explicitly but such choice of parameters lead us to a very computationally
expensive regime without any new insight into the Higgs sector of the model. Hence, we integrate out Σ1,2 by
setting MΣ = 5 TeV and work with the resulting effective Lagrangian. For this choice of MΣ, (mν)
loop
ij and
(mν)
tree
ij are comparable for the range of M∆ accessible to the ongoing run of the LHC. Loop contributions will
dominate for higher values of MΣ.
One novel feature of our paper is a high precision electroweak study of the model. It is well known that the
EW ρ parameter constrains the induced VEV obtained by the quadruplet, v∆ . 1 GeV. However, we probe
the model more closely for its contribution to the oblique parameters and estimate the impact of them on
quadruplet mass spectrum. Over the range of M∆ that is accessible to the LHC, the most robust constraint
comes from the T parameter, which is controlled by the mass-splitting, ∆M , between the quadruplet members.
We find that EWPT limits ∆M . 30 GeV, which in turn give rise to compressed spectra over a vast area of
the parameter space. Due to the softness of decay products in a compressed scenario, a significant part of the
parameter space will remain beyond the reach of the LHC, when ∆M < 0.
Next, we investigate the unique signatures of the model at the LHC. The presence of multi-charged scalars
of the model can potentially enhance or suppress the h→ γγ decay rate depending on the sign of the coupling.
Using 36 fb−1 data from both CMS and ATLAS we deduce that h → γγ can exclude regions parameter space
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not ruled out by EWPT, albeit for O(1) values of λ3. For smaller λ3 it does not add anything to EWPT.
We also consider the bounds form µ → eγ LFV process on our parameter space and derive a lower bound on
v∆ ∼ O(1 eV) form M∆±± . 1 TeV. Mass-splitting between ∆ components, or ordering of neutrino masses, has
a negligible impact on the above limit.
We also examine the BRs and proper decay lengths of ∆±± and ∆±± in detail, along with their consequences
at the LHC, for the whole range of ∆M allowed by EWPT. We find that for ∆±± cascade decays start to
dominate for ∆M ∼ 2 − 20 GeV for both signs of ∆M . In contrast, for ∆±±± no cascade decay is available
when ∆M ≥ 0, but it always decays in cascade for ∆M < 0. A large cτ is achievable for both ∆±± and ∆±±±
when v∆ ∼ 10−5−10−4 GeV and ∆M ∼ 0. In this region the leptonic and gauge bosonic decay rate of ∆±± are
comparable, and cτ can be as large as 10µm, which is still within the realm of prompt lepton searches at the
LHC. Similarly, for ∆±±± a transition from llW dominated decay to WWW dominated decay happens around
that region and cτ & 100µm is feasible for M∆±±± . 500 GeV, as a result force this region to be insensitive
to prompt lepton searches at the LHC. However, when cascade decay opens up proper decay length increases
rapidly, and brings ∆±±± within the reach of the LHC.
A strong bound on M∆±± can be derived from 3l and 4l searches performed by the CMS collaboration with
12.9 fb−1 data. The strongest bounds are obtained when BR(∆±± → l±l±) = 1, which we ensure by setting
v∆ = 10
−6 GeV. We extract the limits from the leptonic decay channel that provides the best sensitivity for
a particular ordering of neutrino masses, which is µµ for NH and ee for IH for our chosen neutrino mass and
mixing benchmark values. Using the CMS 3l analysis we constrain M∆±± & 600 GeV. The limits on ∆±± mass
falls sharply as BR(∆±± → l±l±) deviates from 1. Moreover, the above bounds are sensitive for |∆M | < 5 GeV
only.
Finally, we perform a feasibility study to examine the discovery reach of ∆±±± at the LHC. A search for
∆±±± is necessary, independent of ∆±± searches conducted by the LHC experiments, to validate the BNT
model, as ∆±± is not unique to this model. Furthermore, the LHC multi-lepton searches for ∆±± is not
sensitive for large mass-gap. In contrast, a direct search for ∆±±± can cover the whole range of ∆M , allowed
by EWPT for ∆M > 0. A simple set of cuts, led by hard cuts on pT of leptons, is sufficient to isolate SS 3l
signature that can arise from ∆±±± decay. With 3 ab−1 of integrated luminosity, the LHC can discover ∆±±±
for a mass up to 950 (600) GeV in the llW (WWW ) decay dominant regions for both NH and IH of neutrino
masses.
Nevertheless, the search strategy used in our analysis will not be effective for ∆M < 0 scenarios. In these
cases ∆±±± will predominantly decay via cascade and the decay products will not pass hard lepton pT cuts
we used here. A dedicated analysis is needed to probe such a mass spectra in the flavor of compressed SUSY
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spectra studies.
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CHAPTER XI
NEW PHYSICS SCALE FROM HIGGS OBSERVABLES WITH EFFECTIVE DIMENSION-6 
OPERATORS
11.1 Introduction
There have been several major discoveries in the past few decades culminating with the observation of the 
Higgs boson in 2012 [726, 727]. This is a tremendous success of the SM. However, as most of us agree, SM 
can not be the whole story. The Higgs production in various modes and its decays into various final s tates so 
far agrees with the SM. But uncertainties with the SM predictions still remain in some of the observables of 
these measurements. This encourages us to venture into the possibility of a new physics scale that might be 
estimated from the uncertainty in these measurements. Also, using this approach, we might be able to make 
predictions which can be tested at the LHC. With this aim in mind, we consider the effect of a selected set 
of dimension six operators relevant for the Higgs Physics, in addition to the contribution from the SM. The 
dimension six operators related to the Higgs physics can be introduced both in the strong sector, as well as in 
the electroweak sector. Such operators will make extra contributions for the Higgs productions, as well as for 
its various decay modes. In the most general case, for the effective dimension six operators, there are many 
operators, and involve large number of parameters. In order to reduce the number of parameters, we only 
consider a selected set of such operators in the gauge sector (both strong and electroweak (EW)), as well as in 
the Yukawa sector. In particular, we include only those operators which are responsible for larger effects, and 
do not affect the constraints from the EW precision tests in a significant way.
The effective field t heory p rovides a  m odel i ndependent f ramework f or i nterpreting p recision measurements 
connecting to specific U V m odels s ystematically [ 6 66]. C onstraints o n  t hese o perators h ave b een d erived from 
electroweak (EW) precision measurements [667–669], Higgs sector measurements [670–673] and from the triple 
gauge couplings [674, 675]. Using EW data, global fits i n corporating v a rious s e arches h a ve b e en performed 
in [676]. Subsequently fits h ave b e en p e rformed i ncluding H i ggs s e ctor c onstraints [  6 77–680]. I n  t h is context, 
di-Higgs production also has been studied here [681–684]. When the Standard Model is considered as an effective
low-energy theory, higher dimensional interaction terms appear in the Lagrangian. Dimension-six terms have 
been enumerated [685, 686] and there are 15 + 19 + 25 = 59 independent operators (barring flavour structure
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and Hermitian conjugations). However, many of these operators affect processes that are well measured, e.g.
flavor physics or electroweak precision observables set strong constraints on subsets of those operators. Some
of them are also not relevant for the Higgs physics observables, which is the main emphasis of this work. Here,
we focus on the effective operators that focus on the Higgs physics, and nothing else. This is in the spirit of
reference [687]. At the LHC, SM Higgs boson (h) can be produced1 significantly via gluon gluon fusion (ggF),
vector boson fusion (VBF), associated production with W and Z bosons (Vh) or in association with tt¯ (tt¯h).
Due to insertion of the dimension-6 terms, SM Higgs production as well as decay branching ratios can be largely
affected in these production modes. (1) In the single Higgs production , the most important is the coupling of the
gluon pairs to the Higgs boson. Here we have the contribution from the SM dimension-4 operators contributing
via the top quark loop. There may exist effective dimension 6 operator (contact interaction) emerging from
new physics contributing to this production. (2) The Yukawa coupling of the top quark to the Higgs boson is
most important in single Higgs production. Here also, there may exist dimension-6 operator (in addition to the
dimension 4 present in the SM) emerging again from the new physics. This will also affect the tt¯h production,
as well as the double Higgs productions, which are of great importance in the upcoming LHC runs. (3) In the
production of the Higgs boson in association with W or Z, the important contribution of dimension-6 operator
will be the hZZ or hWW couplings, which will further effect the decays of the Higgs to WW ∗ and ZZ∗. Thus,
in addition to the contribution from the usual SM, the contribution of the effective dimension six operators
will be important here. (4) The dominant decay mode of the Higgs boson is to bb¯, the branching ratio being
' 60%. Thus the dimension-6 contribution to the Yukawa coupling of the Higgs to the bottom pairs will also be
very important to look for a new physics scale in the Higgs observables. (5) We have also included dimension-6
operator in the Higgs potential. This has the largest effect on our results on the di-Higgs productions, since
it changes the effective triple Higgs coupling in a major way. Using the above five criteria, we narrow down
our analysis to include five new parameters and these are g(6), y(6)t , y
(6)
b , y
(6)
g , λ(6) and the new physics scale
, M. We have done the analysis also including dimension-6 tau Yukawa term y(6)τ . As the branching ratio of
the Higgs in the ττ mode is ' 6%, it does not significantly affect the major Higgs observables and hence, the
phenomenology we are concentrating. We ignore its contribution for rest of our analysis. A complete list of all
effective dimension-6 operators can be found in [685,686].
With these above assumptions, we first identify the parameter space consistent with the Higgs observables
and then we find two important results. (1) The tt¯h coupling can be much larger or smaller than that predicted
by the SM, and thus giving rise to significantly different rate of tt¯h productions. (2) Double Higgs productions
1At the 13 TeV LHC, SM Higgs production cross-section via different production modes are summarized as : σggF = 43.92 pb,
σV BF = 3.748 pb, σWh = 1.38 pb, σZh = 0.869 pb, σtt¯h = 508.5 fb.
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can be much larger than that predicted by the SM.
Very recently, the CMS collaboration has reported a search for the production of a Standard Model (SM)
Higgs boson in association with a top quark pair (tt¯h) at the LHC Run-2 and a best fit tt¯h yield of 1.5±0.5 times
the SM prediction with an observed significance of 3.3σ [741], whereas ATLAS reported limit is 1.8± 0.7 [740]
on tt¯h production. ATLAS and CMS reported signal strength values are consistent with the SM. However, the
central values of the signal strength µtt¯h is significantly different from one. There are several literatures [690]
attempting to explain the issue for the enhanced tt¯h production. As we shall see, in our framework, the signal
strength µtt¯h can be as large as 2.4 and also as low as 0.5. There are still large uncertainties in the tt¯h
measurements. If any significant deviation (enhancement or suppression) arises in tt¯h production rate at the
LHC, this is the best model independent approach to explain the scenario. On the other hand, ATLAS and CMS
collaborations have reported the new results on di-Higgs boson searches [742–746] looking at the different final
states (bb¯γγ, bb¯τ+τ−, bb¯bb¯ and bb¯W+W−), using 36 fb−1 data from Run II of LHC at 13 TeV. No signal has been
observed and the stringent limit of 646 fb on the di-Higgs production cross section is reported [742–746]. In SM,
hh production cross-section is about 33.45 fb. After considering effective dimension six couplings, according to
our analysis, the di-Higgs production can be as large as about ∼ 636 fb, which is 19 times of the SM predicted
cross-section for some region of the six dimensional parameter space. If nature does realize this parameter space,
di-Higgs production may be observable even at the current run 2 of the LHC as more data are accumulated.
The paper is organized as follows: In Sec. 12.2, we discuss the formalism and analyze the dimension-6
operators. Thereafter in Sec. 11.3, we perform the numerical simulations for collider signatures. Finally we
conclude.
11.2 Formalism
Our gauge symmetry is the same as the SM. We are introducing a selected set of additional dimension six
operators which can affect the Higgs observables in a major way. These operators are all invariant under the
SM gauge symmetry.
• EW Yukawa sector:
L(6)Y uk ⊃
y
(6)
t
M2
(t¯L, b¯L)tRH˜(H
†H) +
y
(6)
b
M2
(t¯L, b¯L)bRH(H
†H)
+
y
(6)
τ
M2
(ν¯τ , τ¯L)τRH(H
†H) + h.c. (11.2.1)
We have included the dimension-6 terms for third generation fermions only. For simplicity, we have included only
the flavor diagonal dimension six Yukawa couplings. Similarly, we can extend it for first and second generation
fermions also. But, since we are interested in new physics affecting Higgs rates in a major way, we ignore the
negligible effects originating from dimension-6 Yukawa terms for first and second generation fermions. We will
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also ignore the dimension six operator for the τ lepton. The Higgs branching ratio to τ pair is very small 6%,
and its inclusion does not affect the phenomenology we are concentrating.
• Strong sector:
L(6)Strong ⊃
g(6)
M2
GµνaGµνa(H
†H) (11.2.2)
This operator will contribute to the Higgs production , as well as its decay to two gluons. g(6) is an unknown
parameter, and M is the new physics scale. This operator (the contact term) will significantly contribute, in
addition to the SM contribution via the top quark loop, in single Higgs production via gluon gluon fusion
process.
• EW gauge sector:
L(6)EWgauge ⊃
y
(6)
g
M2
(DµH)†(DµH)(H†H) (11.2.3)
where the coupling y(6)g is an arbitrary coefficient 1. There are several other dimension six operators which we
neglect. The reason is that they do not contribute in a significant way to the processes we are emphasizing on
this work, and some of them, if the coefficients are not very small, may mess up the EW precision test. We
discuss briefly the effect of this operator above for the processes of interest. This operator contributes to the
decays of h→WW ?, ZZ? as well as to the production through VBF and associated Higgs production with W
or Z boson.
• Scalar Potential:
L(6)Scalar ⊃
λ(6)
M2
(H†H)3 (11.2.4)
This operator will modify the Higgs trilinear coupling, and hence, contribute significantly to the di-Higgs
production.
Note that in Eq.11.2.3, when we put the VEV of the Higgs boson , this operator modifies [720] the Higgs
kinetic term 12∂
µh∂µh to
(
1 +
y(6)g v
2
2M2
)
1
2∂
µh∂µh. (Throughout our analysis, we use the convention H =
 0
h+v√
2

in unitary gauge). Hence, we need to redefine the Higgs field by dividing out with the factorN =
(
1 +
y(6)g v
2
2M2
)1/2
to get the canonically normalized form for the kinetic term 12∂
µh∂µh. This modifies the usual couplings of the
Higgs field to the gauge bosons , the fermions and the Higgs bosons as given below.
κV =
[
1
N2
+
y
(6)
g v2
M2N4
]
, (11.2.5)
1For simplicity we focus on CP-conserving operators, CP-violating ones can be included in a straightforward way. We omit
the operator | H†DµH |2, since it violates the custodial symmetry and is strongly constrained by LEP data. Its inclusion has no
impact on our analysis.
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κt =
[
1
N
+
y
(6)
t v
3
√
2mtM2N3
]
, (11.2.6)
κb =
[
1
N
+
y
(6)
b v
3
√
2mbM2N3
]
, (11.2.7)
κτ =
[
1
N
+
y
(6)
τ v3√
2mτM2N3
]
, (11.2.8)
κg =
[
1.034κt + bκb +
4pig(6)v2
αsN2M2
]
[1.034 + b]
, (11.2.9)
κhhh =
[
1
N4
− 5λ
(6)v4
m2hM
2N6
]
, (11.2.10)
κγγ =
∣∣∣∣∣ 43κtF1/2(mh) + κV F1(mh)4
3F1/2(mh) + F1(mh)
∣∣∣∣∣ , (11.2.11)
κZγ =
∣∣∣∣∣
2
cos θW
(
1− 83 sin2 θW
)
κtF1/2(mh) + κV F1(mh)
2
cos θW
(
1− 83 sin2 θW
)
F1/2(mh) + F1(mh)
∣∣∣∣∣ .
(11.2.12)
Loop functions used in this paper are defined as follows:
F1(x) = −x2
[
2x−2 + 3x−1 + 3(2x−1 − 1)f(x−1)] , (11.2.13)
F1/2(x) = 2x
2
[
x−1 + (x−1 − 1)f(x−1)] , (11.2.14)
b = −0.032 + 0.035i (11.2.15)
For a Higgs mass below the kinematic threshold of the loop particle, mh < 2 mloop, we have
f(x) = arcsin2
√
x (11.2.16)
where xi ≡ 4m2i /m2h (i = t,W ).
We now calculate the partial decay widths for various SM Higgs decay modes :
Γh→γγ = κ2γγΓ
SM
h→γγ , (11.2.17)
Γh→WW∗ = κ2V Γ
SM
h→WW∗ , (11.2.18)
Γh→ZZ∗ = κ2V Γ
SM
h→ZZ∗ , (11.2.19)
Γh→bb¯ = κ
2
bΓ
SM
h→bb, (11.2.20)
Γh→τ+τ− = κ2τΓ
SM
h→ττ , (11.2.21)
Γh→gg = κ2gΓ
SM
h→gg, (11.2.22)
Γh→Zγ = κ2ZγΓ
SM
h→Zγ , (11.2.23)
where the partial decay widths in the SM can be found in [762].
315
11.3 Collider Phenomenology
In this section, we study the collider phenomenology of the Higgs sector. In particular, we discuss the possi-
bility if the effective dimension-6 operators within this framework can explain the significant deviation in tt¯h
production cross section, as recently indicated by CMS [741] and ATLAS collaboration [740], along with the
other Higgs boson properties. We also want to investigate if the di-Higgs production may be observable at the
current or future runs of the LHC.
To start this effort, we first numerically analyze the effects of dimension-6 terms on the tt¯h production as
well as the signal strengths of Higgs boson decay modes for h → γγ,WW,ZZ, bb¯, τ τ¯ , Zγ. Then, we identify
a parameter space which is consistent with both the recent ATLAS and CMS results on the LHC Run-1 and
Run-2 (37 fb−1) data. Then remaining within the allowed parameter space, we analyze the possible signals,
such as the enhanced di-Higgs boson production that may be observable at the current or future run of the
LHC. The relevant parameter space of this model is spanned by the three new dimension-6 Yukawa terms,
dimension-6 term from electroweak gauge sector, dimension-6 term from strong sector, dimension-6 term from
scalar potential and the mass of the new physics scale :
{
y
(6)
t , y
(6)
b , y
(6)
g , g
(6), λ(6), M
}
(11.3.24)
In the LHC Higgs observable analysis 1 [739], the searches for Higgs boson at ATLAS and CMS can give
strong bounds on these free parameters. The signal strength µ, defined as the ratio of the measured Higgs
boson rate to its SM prediction, is used to characterize the Higgs boson yields and it is given by :
µif =
σi ·BRf
(σi)SM · (BRf )SM = µ
i · µf . (11.3.25)
Here σi (i = ggF, V BF,Wh,Zh, tt¯h) and BRf (f = ZZ?,WW ?, γγ, τ+τ−, bb¯, µ+µ−) are respectively the
SM Higgs production cross section for different production mechanism (i → h) and the branching fraction for
different decay modes of SM Higgs (h→ f).
The ATLAS and CMS run 1 data are combined and analyzed using the signal strength formalism and
the results are presented in [739]. Recently, ATLAS and CMS collaborations have updated the results [742]
on Higgs searches based on 37 fb−1 data at 13 TeV LHC. The individual analyses examine a specific Higgs
boson decay mode, with categories related to the various production processes and they are h→ γγ [766–769],
h → ZZ? [770–773], h → WW ? [774–776], h → ττ [777, 778], h → bb¯ [779, 780] and h → Zγ [781, 782].
Throughout our study, we have used the most updated ATLAS and CMS reported results on 125 GeV Higgs
1In our analysis, we employ the center value of the Higgs boson mass mh = 125.09 GeV [739] and the center value of the
combination of Tevatron and LHC measurements of the top quark mass mt = 173.34 in GeV [698].
316
Decay
channel
Production
Mode CMS ATLAS
γγ
ggF 1.05+0.19−0.19 [766] 0.80
+0.19
−0.18 [767]
V BF 0.6+0.6−0.5 [766] 2.1
+0.6
−0.6 [767]
Wh 3.1+1.50−1.30 [766] 0.7
+0.9
−0.8 [767]
Zh 0.0+0.9−0.0 [766] 0.7
+0.9
−0.8 [767]
ZZ?
ggF 1.20+0.22−0.21 [770] 1.11
+0.23
−0.27 [771]
V BF 0.05+1.03−0.05 [770] 4.0
+2.1
−1.8 [771]
Wh 0.0+2.66−0.00 [770] < 3.8 [771]
Zh 0.0+2.66−0.00 [770] < 3.8 [771]
W+W−
ggF 0.9+0.40−0.30 [776]
?? 1.02+0.29−0.26 [774]
1
V BF 1.4+0.8−0.8 [776]
?? 1.7+1.1−0.9 [775]
??
V h 2.1+2.3−2.2 [776]
?? 3.2+4.4−4.2 [775]
??
ggF + V BF + V h 1.05+0.26−0.26 [776]
?? -
bb¯ V h 1.06+0.31−0.29 [780] 0.9
+0.28
−0.26 [779]
τ+τ−
ggF 1.05+0.49−0.46 [778] 2.0
+0.8
−0.8 [777]
??
V BF + V h 1.07+0.45−0.43 [778] 1.24
+0.58
−0.54 [777]
??
ggF + V BF + V h 1.06+0.25−0.24 [778] 1.43
+0.43
−0.37 [777]
??
Table 11.1: Signal strength constraints from recently reported 13 TeV 36 fb−1 LHC data along with references.
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Figure 11.1: Top Left : Contour plot of µtt¯h in {y(6)t ,M} plane; Top Right : Contour plot of µtt¯h in
{y(6)t , y(6)b } plane and Bottom : Contour plot of µtt¯h in {y(6)b ,M} plane. The yellow, cyan, green, red and
purple shaded regions are excluded from the signal strength limits [cf. Table 11.1] for various decay modes
(γγ, ττ, bb¯, ZZ?,WW ?) respectively at 95% confidence level. The white shaded region simultaneously satisfies
all the experimental constraints. Boxed numbers indicate the µtt¯h values.
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boson searches to impose constraints on signal strengths for various decay modes at 95% confidence level and
which is summarized in Table 11.1.
For our analysis, we adopt the following strategy.
(1) First, we introduce dimension-6 operator in the Yukawa sector and try to explore whether any new
physics effect (enhanced/suppressed couplings of Higgs to fermions) can be achieved satisfying all Higgs physics
constraints and try to identify the six dimensional parameter space where these effects can arise.
(2) Then we introduce dimension-6 operator in the EW gauge sector and discuss its effect following the
previous effects from the Yukawa sector.
(3) After that we introduce dimension-6 term in strong sector and analyze both individual and combined
effects of all of these dimension-6 operators and discuss the new physics effects.
(4) Then, we introduce dimension-6 operator in the scalar potential and analyze its effect in di-Higgs pro-
duction.
(5)Finally, we discuss about two correlated new physics signatures : enhanced (or suppressed) tt¯h and
enhanced hh production.
Since the gauge structure of the SM has been very well established from the precision measurements, as
mentioned above, we first concentrate on the Yukawa sector, in particular, the effects coming from the six
dimensional Yukawa couplings for the third generation fermions. The top and bottom Yukawas (y(6)t and y
(6)
b )
play key roles in Higgs observable. The top Yukawa dictates the production of SM Higgs mostly, whereas the
bottom Yukawa guides the branching ratio for different decay modes of SM Higgs h. Since the partial decay
width for h → bb¯ mostly contributes ∼ 58% to the total Higgs decay width, any slight deviation in bottom
Yukawa will change the total decay width and hence the branching ratio to other decay modes. We analyze the
full parameter space of extra Yukawa terms and new physics scale affecting the SM Higgs physics and impose
constraints from the signal strength limits [cf. Table 11.1] for various decay modes (γγ, ττ, bb¯, ZZ?,WW ?) at
95% confidence level. The effect is displayed in Fig.1. The white shaded region simultaneously satisfies all
the experimental constraints. Since y(6)τ has no significant contribution to the total decay width of SM Higgs
compared to y(6)b , as mentioned before, we have ignored y
(6)
τ for our analysis regarding the effect of dimension
six operators. It does not affect the phenomenology we are concentrating.
Next, we evaluate the signal strength µtt¯h (= κ2t ) for the production of SM Higgs associated with the top
quark pair. Upper left segment of Fig. 11.1 shows the contour plot of µtt¯h in {y(6)t ,M} plane for a fixed value of
y
(6)
b (= −0.1), whereas upper right segment shows the contour plot of µtt¯H in {y(6)t , y(6)b } plane for a fixed value
of M = 500 GeV and bottom one of Fig. 11.1 shows the contour plot of µtt¯h in {y(6)b ,M} plane for a fixed value
of y(6)t (= 2). Fig. 11.1 clearly indicates that within this framework, tt¯h can be produced up to 2 times of the
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SM predicted cross-section at the LHC satisfying all the current experimental constraints from 125 GeV Higgs
boson searches while we allow a variation of y(6)t between -3 to 3. On the other hand, tt¯h production rate can
also be as low as 0.5 times weaker than the SM predicted value. This enhanced or suppressed tt¯h production
can be the new physics signature and it can be tested at the LHC. We mention that, although SM Higgs h is
resonantly produced in gluon gluon fusion via triangular loop circulated by top quarks mainly, there is small
effect (∼ 7%) due to the bottom quark circulated loop. When bottom Yukawa comes up with negative sign, its
effect becomes larger (15%) and we consider that effect too. Due to the different interference pattern between
Yukawas (y(6)t , y
(6)
b ) in production as well as in decay modes, these plots are not symmetric about the central
axes. We have also calculated the signal strength for Zγ channel and which is consistent with the available
experimental data [781, 782]. The signal strength in Zγ channel can be achieved from 0.6 to 1.5 satisfying all
the constraints. There are models beyond the SM which predict this type of anomalous Yukawa couplings of
the physical Higgs boson, such as the two Higgs doublet model [716, 717]. Recently, enhanced tt¯h production
and flavor constraints are extensively studied in most general 2HDM [717]. Although we analyze in an effective
operator approach, the effect of anomalous Yukawa couplings due to dimension-6 terms is reflected in anomalous
Yukawa couplings of SM Higgs due to mixing between two Higgs in 2HDM [717].
Now, we introduce dimension 6 operator in EW gauge sector and analyze its effect on Higgs observable.
We found that the dimension-6 term, y(6)g in EW gauge sector, is less influential than the dimension-6 terms
in Yukawa and strong sectors. In SM Higgs production via ggF process, y(6)g plays no role, whereas branching
ratio for h → WW,ZZ can be modified due to inclusion of y(6)g . Fig. 13.2 depicts the constraints from the
signal strength limits [cf. Table 11.1] for various decay modes (γγ, ττ, bb¯, ZZ?,WW ?) at 95% confidence level
in {y(6)t , y(6)g } plane. We choose y(6)b = 0 (upper left) , -0.2 (upper right) and 0.05 (bottom) and the mass scale
M is kept fixed at 500 GeV. As expected and as can be seen from Fig. 13.2 that as bottom Yukawa y(6)b gets
larger value to enhance overall bb¯h coupling, y(6)g has to have larger value to satisfy the constraints from Higgs
observables. This is due to the fact that, whenever y(6)b is large, the partial decay width for h→ bb¯ mode gets
enhanced and hence, total decay width becomes larger suppressing branching ratio for h → WW,ZZ decay
modes. Since y(6)g has no impact on production via ggF process, y
(6)
g has to be larger to enhance the partial
decay width for h → WW,ZZ decay modes making branching ratio almost unaffected to satisfy the correct
signal strength limits on ZZ, WW channels. From upper left segment of Fig. 13.2, we can see that if dimension-6
terms in Yukawa sector are not introduced and only the effect of y(6)g is considered, we can still get enhanced tt¯h
production rate which is almost 1.3 times of the SM predicted value. After inclusion of y(6)t and y
(6)
b , this effect
can be much larger and the signal strength for tt¯h production can become as large as 2.4 and as low as 0.5.
It is important to mention that whenever tt¯h production is getting enhanced making single Higgs production
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Figure 11.2: Contour plot of µtt¯h in {y(6)t , y(6)g } plane. y(6)b = 0 (upper left) , -0.2 (upper right) and 0.05
(bottom) and the mass scale M is kept fixed at 500 GeV. The yellow, cyan, green, red and purple shaded regions
are excluded from the signal strength limits [cf. Table 11.1] for various decay modes (γγ, ττ, bb¯, ZZ?,WW ?)
respectively at 95% confidence level. The white shaded region simultaneously satisfies all the experimental
constraints. Boxed numbers indicate the µtt¯h values.
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Figure 11.3: Feynman diagrams [684] contributing to double Higgs production via gluon fusion. The first two
diagrams are present in the SM, while the next three arise due to dimension 6 operators.
rate via ggF process larger, overall branching ratios for h → WW ? or h → ZZ? modes has to be suppressed
to satisfy correct limits. This also indirectly suppresses the Higgs production in VBF, Wh and Zh processes.
Our scenario predicts enhanced tt¯h production and simultaneously suppressed production of SM Higgs boson
in VBF, Wh or Zh processes and this can be tested in the upcoming runs of the LHC. However, there are still
large uncertainties in these channels [cf. Table 11.1], but CMS reported central values [cf. Table 11.1] mostly
favor this scenario according to the updated status.
Next, we introduce the dimension-6 term (g(6)) in the strong sector and investigate its effect. Deviation
in di-Higgs production compared to the SM can be one of the new physics effect due to this term. The di-
Higgs boson production has drawn a lot of attentions since it is the golden channel to test the EW symmetry
breaking mechanism. Since the SM Higgs boson (h) does not carry any color, they are produced in pair through
the triangle loop and box loop in SM. The di-Higgs production rate in the SM is small mainly due to the
large destructive interference between the triangle and box loop diagrams. At the LHC with a center of mass
energy of 13 TeV, the production cross section is about 33.45 fb, which can not be measured owing to the
small branching ratio of the Higgs boson decay and large SM backgrounds. The detailed study of SM di-Higgs
production can be found in ref. [796]. However, in new physics models, the di-Higgs production cross-section
can significantly deviate from the SM value. Due to insertion of the dimension-6 term in strong sector, there
will be additional diagrams contributing to the di-Higgs production in addition to the SM contribution and as
shown in Fig. 13.3. Also, change in SM tt¯h and hhh couplings could give a significant deviation on di-Higgs
production cross-section. These two effects could enhance the di-Higgs production and make it testable at the
LHC. Therefore, it is important to study how large can the cross section of the double Higgs boson production
be considering all the constraints from the single Higgs boson measurements. The bb¯γγ final state is particularly
promising for this search, as it benefits from the clean diphoton signal due to high mγγ resolution and the large
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branching fraction of the h→ bb¯ decay (∼ 58%). We consider the signal strength relative to the SM expectation
µhh as µhh =
σ(pp→hh)NewPhysics
σ(pp→hh)SM .
First, we turn off all the dimension 6 operators (in Yukawa sector or EW gauge sector) and explore the
effect of g(6) only. This is shown in upper left segment of Fig. 13.4. We find that to satisfy the constraints
from Higgs observables, either g(6) has to be very small ∼ 0 or new physics scale has to be very large. For
an example, g(6) can be as large as 0.06 and as low as -0.06 for the new physics scale, M, to be 2 TeV. Since
g(6) is responsible for both single Higgs and di-Higgs boson production simultaneously, dimension-6 term (g(6))
is highly constrained to give large di-Higgs production. For three of the benchmark points (BP1 and BP2),
noted in upper left segment of Fig. 13.4, µhh and µtt¯h is almost 1 and there is no significant deviation from
SM prediction. Then, we add the contribution from dimension-6 Yukawa terms and we get a large region of the
parameter space which is consistent with the Higgs observables and also gives significant deviation in tt¯h and
hh production. Due to the g(6) term, there will be two dominant processes for single Higgs production via ggF
mode, one is due to the triangular loop circulated by top quark and the other one due to contact interaction
term (ggh) and there will be large interference between these two diagrams. Upper right segment of Fig. 13.4
depicts the constraints in {y(6)t , g(6)} plane from the signal strength limits [cf. Table 11.1] for various decay
modes of SM Higgs at 95% confidence level. It is clear that when y(6)t gets positive values, g(6) prefers negative
values to compensate the overall enhancement effect in single Higgs production and vice versa. For two of
the benchmark points (BP3 and BP4), the signal strength µtt¯h becomes 2.0 and 0.7 and di-Higgs production
cross-section becomes 64 fb and 41.8 fb respectively. Similarly, Lower left segment of Fig. 13.4 depicts the
constraints in {y(6)b , g(6)} plane from the signal strength limits. Here we have fixed the value of y(6)t (=1) and
new physics scale M (=500 GeV). In the survived parameter space, we choose three benchmark points (BP5
and BP6 as noted in this fig.) and calculate the tt¯h and hh production rate. For benchmark points (BP5 and
BP6), µtt¯h equals 1.55 and di-Higgs production cross-sections are 31 fb and 81 fb respectively. Similarly, Lower
Right segment of Fig. 13.4 shows the constraints from the signal strength limits in {y(6)g , g(6)} plane, where we
have kept a fixed value of , y(6)b (=-0.2) and new physics scale M (=500 GeV). For two of the benchmark points
(BP7 and BP8), signal strengths (µtt¯h) become 1.3 and 1.6 and di-Higgs production cross-sections become 221
fb and 52 fb respectively. As we already mentioned, since dimension 6 term in the strong sector, responsible
for di-Higgs production, is not decoupled from the term responsible for the single Higgs production, di-Higgs
production rate can not be enormously large, but it can be as large as 6 times of the SM predicted cross-section.
Now, we try to emphasize on the determination of the mass scale where these dimension-6 operators are
generated and which is consistent with the measurement of Higgs observable. We mention that the contribution
of any effective operator is only sensitive to the ratio geffective/M2, and hence, new physics scale M is not
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Figure 11.4: Constraints in {g(6),M} plane (top left), {y(6)t , g(6)} plane (top right), {y(6)b , g(6)} plane (bottom
left) and {y(6)g , g(6)} plane (bottom right) from the signal strength limits [cf. Table 11.1] for various decay modes
of SM Higgs (γγ (yellow), ττ (cyan), bb¯ (green), ZZ? (red), WW ? (blue)) at 95% confidence level. The white
shaded region simultaneously satisfies all the experimental constraints.
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Figure 11.5: Estimation of new physics scale consistent with the measurements of Higgs observables.
observable without extra assumptions on the strength of the couplings geffective{y(6)t,b,g, g(6), λ(6)}. In order to
set limit on the new physics scale M, we have assumed geffective to be less than 3.5 to satisfy the perturbativity
constraint. In Fig. 11.5, we have shown the limits on the mass scale M for different sets of the values of the
effective six dimensional couplings. As we can see from Fig.11.5, if all the dimension-6 couplings (geffective)
are ∼ O(3), new physics scale (M) up to 14 TeV is ruled out by the LHC Run II data [cf. Table 11.1] of the
Higgs observables. Similarly, when all the dimension-6 couplings (geffective) are ∼ O(1) [∼ O(0.5)], new physics
scale (M) has to be at least 8 TeV [5.7 TeV] to be consistent with the LHC Higgs results [cf. Table 11.1] of
Higgs searches. On the other hand, if we turn off dimension-6 term in strong sector and in EW gauge sector,
the new physics scale can be much lower (3.7 TeV), setting the dimension-6 term in yukawa sector ∼ O(1).
Now we numerically scan the whole parameter space and we find that for a judicious choice of parameter space
(g(6) = −0.01, y(6)g = 0, y(6)t = 1, y(6)b = −0.2), the new physics scale M can be as low as 478 GeV satisfying
all the Higgs physics constraints and giving new physics effect of enhanced tt¯h production. The reason is that
there is a negative interference effect between two diagrams contributing to the single Higgs production in ggF
process (one is due to effective ggh coupling via triangular loop circulated by top quark and other one is the
contact interaction term ggh due to dimension-6 operator), if g(6) has negative values. Hence, enhanced tt¯h
coupling compensate that factor satisfying all the Higgs constraints and as a result, we can get enhanced tt¯h
production. This scenario can be realized, if any colored particle contributes to the triangular loop in addition
to the top and bottom quarks.
We now clarify some points regarding the mass scale, and the limitation used for the six dimensional
couplings. Current LHC Higgs observables data are in agreement with the SM, so in principle all the 6-
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Figure 11.6: Contour plot of signal strength of di-Higgs production µhh in {λ(6),M} plane. Black meshed
zone is excluded from current di-Higgs searches at the LHC. Scaling of µhh is shown on the right side of each
figure. Left : (g(6) = −0.01, y(6)g = 0, y(6)t = 1, y(6)b = −0.2); Right : (g(6) = 0, y(6)g = 0, y(6)t = 1, y(6)b = −0.1).
dimensional couplings can be zero. In that case, it is not possible to say anything about the scale of new
physics. However, the Higgs observables still have large errors, and hence gives the possibility of the existence
of new physics. The questions we have addressed is whether in this effective coupling parameter space, there
are regions which are allowed by the data, and allow low scale of new physics as well as giving some new physics
signatures such as enhanced tt¯h and hh predictions. For example, regarding the new physics scale, we want to
mean that the new physics scale can be as low as 478 GeV making consistent with Higgs properties and also
giving associated new physics signals like enhanced tt¯h or hh predictions which can be testable at the current or
upcoming run of LHC. Regarding the restriction on the effective couplings, since we consider the lowest order
contributions, the higher order contributions will no longer be small, if the values of the couplings exceeds the
perturbativity limit. This gives a reasonable justification to our assumption.
Next, we analyze the new physics contributions of the dimension-6 operator in the Higgs potential which
contributes to the cubic Higgs coupling. Due to the addition of the effective dimension six operator in the
Higgs potential, the effective triple Higgs coupling is modified significantly as shown in Eq. 22. As a result,
this has the most major effect on the di-Higgs production at the LHC. We take two set of benchmark points
which allow enhanced tt¯h production rate (1.5 times of the SM predicted value) at the LHC making consistent
with the Higgs properties. It is quite interesting to see from Fig. 13.11 that we can get the signal strength
µhh as big as 19 which means that the di-Higgs production cross-section can be as big as 636 fb which is 19
times of the SM predicted cross-section. We mention that the di-higgs production cross-section can be even
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larger than 636 fb for a certain region of parameter space as we can see from Fig. 13.11. But, ATLAS and
CMS collaborations have analyzed and reported the new results on di-Higgs boson searches [742–746] looking
at the different final states (bb¯γγ, bb¯τ+τ−, bb¯bb¯ and bb¯W+W−), using 36 fb−1 data from Run II of LHC at 13
TeV. Due to non-observation of any signal, the stringent limit of 636 fb on di-Higgs production cross section
is reported [742–746]. The black meshed zone in Fig. 13.11 is excluded from this current di-Higgs searches. If
LHC luminosity is upgraded to 3 ab−1, SM like double Higgs production (33.45 fb) can be observed with 3.6σ
significance [798]. On the other hand, in our scenario, the enhanced di-Higgs production can be even sensitive to
the 50 fb−1 LHC luminosity which is close to the data set currently analyzed. We think this a very interesting
scenario which simultaneously provides a testable smoking gun signal for the di-Higgs production and enhanced
tt¯h production at the LHC. The future hadron-hadron circular collider (FCC-hh) or the super proton-proton
collider (SppC), designed to operate at the energy of 100 TeV, can easily probe most of the parameter space in
our scenario through the hh pair production [798–801]. As mentioned, the di-Higgs production in some sets of
the six dimensional parameter space can be large enough to be observable even in this run of the LHC.
11.4 Conclusion
In this work, we have made an investigation on the effect of the effective dimension six operators for the single
Higgs productions, and the corresponding µtt¯h, as well as di-Higgs signals at the LHC. Since the number of the
effective dimension six operators are too many, we have made a judicious choice of few operators which has the
maximum impact for these observable. Using the experimental data at the LHC, we have analyzed in some
detail the effects of these operators, how large or small the µtt¯h, and di-Higgs signals can be, and how small the
new physics scale can be satisfying all the available experimental constraints. We find the the µtt¯h signal can be
as large as two times of that in the SM, while the di-higgs production cross section can be as large as 19 times
of that in the SM at the 13 TeV LHC with a new physics scale, M equal to 478 GeV. These predictions can be
tested as more data accumulates at the current and the future runs at the LHC. The results presented here can
be taken as an initial guide in the exploration of the enhanced tt¯h and hh signal at the LHC via dimension-6
operators.
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CHAPTER XII
ENHANCED DI-HIGGS PRODUCTION IN THE TWO HIGGS DOUBLET MODEL
12.1 Introduction
The observation of a new particle with properties matching that of the Higgs boson predicted by the Standard 
Model (SM) by the ATLAS and CMS experiments [726,727] has been an important step towards understanding 
the mechanism of electroweak (EW) symmetry breaking. With this discovery, attention has now shifted to 
testing whether the Higgs boson exhibits any property that deviates from the Standard Model expectation, and 
to searching for additional Higgs bosons that may take part in EW symmetry breaking. Experimental results
to date, including Run−II data from the LHC, have shown no deviations from the SM. Furthermore, no signals
of new resonances which could take part in symmetry breaking have been observed. However, as detailed in
this paper, there is plenty of room for new physics in the symmetry breaking sector. Di-Higgs production 
has not been measured to date, with an upper limit set to about 25 times the SM prediction. tth production 
measurement allows its rate to be as large as 1.9 times the SM value (or as small as 0.5 of the SM value), and 
Zh production rate is allowed to be as large as 2 times its SM value. The purpose of this paper is to study 
these processes and their correlations in the context of the two Higgs doublet model (2HDM).
There are a variety of motivations for extending the SM with the addition of a second Higgs doublet. 
Supersymmetric models require a second Higgs doublet to generate fermion masses; electroweak baryogenesis 
can be consistently realized with a second Higgs doublet [728]; TeV scale dark matter can be realized in such 
extensions [729]; vacuum stability can be maintained all the way to the Planck scale with a second doublet [730] 
unlike in the SM [731], and small neutrinos masses may by generated as radiative corrections with a second 
doublet (along with a singlet scalar so that lepton number is broken) [732], to name a few. A second Higgs 
doublet appears naturally in models with extended symmetries such as left-right symmetric models [733], axion 
models [734], and grand unified t h eories. While the second doublet may have a  mass of order the scale of higher 
symmetry breaking, it may also survive down to the TeV scale, in which case its signatures can be observed 
experimentally. It is to be noted that a second Higgs doublet which participates in the EW symmetry breaking 
can easily be made consistent with EW precision measurements, as the ρ parameter maintains its tree-level 
value of 1. The 2HDM also provides a foil to test the properties of the SM Higgs boson.
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The phenomenology of 2HDM has been extensively studied over the years [735]. However, most studies
restrict the form of the Lagrangian by assuming additional discrete symmetries. The type-II 2HDM, for example,
allows only one doublet to couple to up-type quarks, with the second doublet coupling to the down-type quarks
and charged leptons. While this is natural in the supersymmetric extension, a discrete Z2 symmetry has to be
assumed to achieve this restriction in other cases. One motivation for such a discrete symmetry is to suppress
Higgs-mediated flavor changing neutral currents (FCNC) [736]. However, it has been recognized that there is
no need to completely suppress such FCNC [737], an appropriate hierarchy in the Yukawa couplings can achieve
the necessary suppression. We present a modified ansatz for the Yukawa couplings of Higgs doublet Φa, where
Y
(a)
ij =
√
2C
(a)
ij min{mi, mj}/v which is valid for the couplings of each of the Higgs doublet. Here C(a)ij are order
one coefficients, mi stands for the mass of fermion i and v ' 246 GeV is the electroweak vacuum expectation
value (VEV). Our modified ansatz can be realized in the context of unification [738]. We refer to the 2HDM
with no additional symmetry as simply the two Higgs doublet model (2HDM), with no qualifier, as opposed to
type-I or type-II models, which require additional assumptions.
The modified Yukawa coupling ansatz that we propose, viz., Y (a)ij =
√
2C
(a)
ij min{mi, mj}/v, improves on
the Cheng-Sher (CS) ansatz [737] which assumes Y (a)ij =
√
2C
(a)
ij
√
mimj/v. (A factor
√
2 has been inserted in
both ansatze as we normalize v ' 246 GeV, rather than 174 GeV used in Ref. [737].) The pattern of quark
mixings is compatible with both these ansatze, as we shall illustrate. The order one coefficients in the CS ansatz
will have to be somewhat smaller than unity for explaining the quark mixings, while in the modified ansatz
we present some C(a)ij are slightly larger than unity. We find that the overall goodness to fit is similar in the
two cases as regards the CKM mixings. We compare the two ansatze for their consistency with Higgs mediated
flavor violation and show that in processes such as K0−K0 mixing, Bd,s−Bd,s mixing, and especially µ→ eγ,
the modified ansatz gives a better description of current data. We also find that the rate for µ → eγ decay
and new contributions to CP violation in Bs −Bs mixing in the modified ansatz are close to the experimental
limits, which may therefore provide tests of the model.
In the 2HDM framework that we adopt there is no fundamental distinction between the two Higgs doublets.
The top quark, bottom quark and tau lepton Yukawa couplings – most relevant for LHC phenomenology –
with both doublets are then comparable, unlike in the case of type-I or type-II 2HDM. We shall see that these
additional couplings, especially of the top and bottom quarks, would lead to distinct signatures in the hh, tt¯h
and Zh production rates in a correlated manner. Here h is the standard model-like Higgs boson of mass 125
GeV. While there would be some deviations in the properties of h from the SM predictions, in our analysis we
ensure that such deviations are within experimental limits. Modifications in hh, tt¯h and Zh production rates
will also be correlated with such deviations in the properties of h. Discovery of these correlated modifications
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would be tests of the model.
tth production: Theoretically, tt¯h production process is very interesting, as its rate is proportional to
Y 2t , the square of the top Yukawa coupling with the Higgs boson. Within the SM, Yt is known to a good
accuracy, as it is related to the top quark mass. But this proportionality relation is disrupted in the 2HDM
we present. In Run−I of the LHC, a not-so-small signal of tt¯h production was observed by the ATLAS and
CMS collaborations in several channels. Assuming SM-like branching fractions of the Higgs boson, the tt¯h
signal strength normalized to the Standard Model prediction was found to be µtt¯h = 2.3+0.7−0.6 by the combined
ATLAS and CMS collaborations with an observed significance of 4.4σ [739]. With data collected in the LHC
Run−II with 13 TeV center of mass energy, both ATLAS and CMS have presented results for tt¯h production,
with ATLAS quoting a µ value of 1.32+0.28−0.26 with an observed significance of 5.8σ [740], and CMS quoting a
µ value of 1.26+0.31−0.26 [741] with an observed significance of 5.2σ. (In the SM, tt¯h production cross-section is
∼ 0.509 pb.) As can be seen with the errors associated with these measurements, µtt¯h can be as large as 1.9
and also as low as 0.5. Such large deviations can be achieved in the 2HDM, as shall be shown below. If any
significant deviation in tt¯h production rate is observed at the LHC, the 2HDM framework we present can serve
as an excellent platform for explaining it.
Di-Higgs production: ATLAS and CMS collaborations have reported new results on di-Higgs boson
searches [742–746] using 36 fb−1 data from Run−II of LHC at center of mass energy of 13 TeV. These analyses are
based on different final states in the decay of the two Higgs bosons (bb¯γγ, bb¯τ+τ−, bb¯bb¯ and bb¯W+W−). Current
experimental searches exclude non-resonant hh production to be less than 19 times the SM prediction [742,744],
whereas for resonant di-Higgs production, this limit is correlated with the resonance mass and can be as large as
25 times [744] the SM value, or even larger. In the SM, hh production cross-section is ∼ 33.5 fb. In the 2HDM,
the signal strength µhh can be enhanced by a factor of 25, including both resonant and non-resonant di-Higgs
boson production, which gives ample room for its potential observation at the LHC. While other extensions of
the SM, such as the singlet scalar extension, can enhance the di-Higgs production, the enhancement is much
smaller compared to the 2HDM, owing primarily to severe constraints on the mixing of the SM Higgs and the
singlet scalar from the measured properties of h [747]. Large enhancement for di-Higgs is possible in the 2HDM,
since both Higgs bosons couple to top and bottom quarks, which allows for the properties of h to be within
observed limits.
Zh production: A third di-boson channel of experimental interest is the production of h in association
with a Z. The rate for Zh production will also be modified in our 2HDM framework. Recently the ATLAS
collaboration has reported a small excess in the pp→ A→ Zh cross section [748], corresponding to a potential
pseudoscalar mass of about 440 GeV. The statistical significance is larger if the pseudoscalar A is produced
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in association with bottom quarks rather than through gluon fusion, but both production processes show
deviations. The statistical significance of this excess is too low to conclude anything meaningful, but it does
raise the question: would it be possible to account for such a possible excess arising from a pseudoscalar resonance
within a self-consistent framework? We show that this can indeed be achieved in our 2HDM framework.
We base our numerical analysis of the 2HDM on data set which takes into account the light Higgs boson
properties as well as searches for heavy Higgs bosons. We also consider theoretical constraints arising from
boundedness, stability and perturbativity of the scalar potential, and ensure that the data respects bounds
from B-physics and electroweak precision measurements.
The paper is organized as follows: In Sec. 12.2, we briefly review the Higgs sector and the Yukawa couplings
of the 2HDM. In Sec. 12.3, we present our modified ansatz for flavor, and in Sec. 12.4 we show the consistency
of the ansatz with FCNC constraints. In Sec. 12.5, we perform numerical simulations for collider signatures of
the 2HDM. Here we discuss enhanced di-Higgs production, as well as modifications in tth and hZ productions.
We show correlations among these as well as other modified properties of the 125 GeV Higgs boson h. In Sec.
12.6 we discuss EW precision constraints, boundedness of the potential and unitarity constraints. Finally in
Sec. 13.5 we conclude.
12.2 Brief Review of the Two Higgs Doublet Model
We denote the two SU(2)<∼ L doublet scalar fields with hypercharge Y = 12 as Φ1 and Φ2. The most general
gauge invariant scalar potential of this 2HDM is given in Eq. (12.2.5). Here we shall choose a particularly
convenient rotated basis in which only one neutral Higgs has a nonzero vacuum expectation value. The two
Higgs doublets in the new basis are denoted as H1 and H2, with
〈
H02
〉
= 0., and
〈
H01
〉
= v/
√
2. These new
states are related to Φ1 and Φ2 by
H1 = Φ1 cosβ + e
−iξ Φ2 sinβ ,
H2 = −eiξ Φ1 sinβ + Φ2 cosβ , . (12.2.1)
The VEVs of the neutral components of Φ1,2 are denoted as
〈Φ1〉 = 1√
2
v1, 〈Φ2〉 = 1√
2
v2 e
iξ (12.2.2)
and the mixing angle is given by
tanβ ≡ v2
v1
. (12.2.3)
One then obtains
H1 =
 G+
1√
2
(
v + ϕ01 + iG
0
)
 , H2 =
 H+
1√
2
(
ϕ02 + iA
)
 , (12.2.4)
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where ϕ01, ϕ02 are CP-even neutral Higgs fields (which are not the mass eigenstates), A is a CP-odd neutral
Higgs field, H+ is the physical charged Higgs boson, and G+ and G0 are unphysical Goldstone bosons . The
vavuum expectation value is v =
√
v21 + v
2
2 ' 246 GeV. Here, for simplicity, we have set the phase ξ to be zero.
The most general gauge invariant 2HDM scalar potential is given by :
V = m211Φ†1Φ1 +m222Φ†2Φ2 − [m212Φ†1Φ2 + h.c.]
+ 12λ1(Φ
†
1Φ1)
2 + 12λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
{
1
2λ5(Φ
†
1Φ2)
2 +
[
λ6(Φ
†
1Φ1) + λ7(Φ
†
2Φ2)
]
Φ†1Φ2 + h.c.
}
, (12.2.5)
where m211, m222, and λ1, · · · , λ4 are real parameters. In general, m212, λ5, λ6 and λ7 are complex.
12.2.1 Higgs Potential in the rotated basis
Since the Higgs potential given in Eq. (12.2.5) is the most general, once the Higgs fields are rotated as in Eq.
(12.2.1), the form of the potential would remain the same, but with a redefinition of parameters. In the new
rotated basis the Higgs potential is:
V = M211H†1H1 +M222H†2H2 − [M212H†1H2 + h.c.]
+ 12Λ1(H
†
1H1)
2 + 12Λ2(H
†
2H2)
2 + Λ3(H
†
1H1)(H
†
2H2) + Λ4(H
†
1H2)(H
†
2H1)
+
{
1
2Λ5(H
†
1H2)
2 +
[
Λ6 (H
†
1H1) + Λ7(H
†
2H2)
]
H†1H2 + h.c.
}
. (12.2.6)
The correspondence between the old (Eq. (12.2.5)and the new (Eq. (12.2.6) parameters is given in Eqs. (12.2.7)-
(12.2.17). The transformation relations of the scalar potential parameters between the original (Eq. (12.2.5))
and rotated basis (Eq. (12.2.1)) are given by:
M211 = m
2
11c
2
β +m
2
22 ⊂2 −Re(m212eiξ)s2β , (12.2.7)
M222 = m
2
11 ⊂2 +m222c2β + Re(m212eiξ)s2β , (12.2.8)
M212e
iξ = 12 (m
2
11 −m222)s2β + Re(m212eiξ)c2β + i Im(m212eiξ) . (12.2.9)
and
Λ1 = λ1c
4
β + λ2 ⊂4 + 12λ345s22β + 2s2β
[
c2βRe(λ6e
iξ)+ ⊂2 Re(λ7eiξ)
]
, (12.2.10)
Λ2 = λ1 ⊂4 +λ2c4β + 12λ345s22β − 2s2β
[⊂2 Re(λ6eiξ) + c2βRe(λ7eiξ)] , (12.2.11)
Λ3 =
1
4s
2
2β [λ1 + λ2 − 2λ345] + λ3 − s2βc2βRe[(λ6 − λ7)eiξ] , (12.2.12)
Λ4 =
1
4s
2
2β [λ1 + λ2 − 2λ345] + λ4 − s2βc2βRe[(λ6 − λ7)eiξ] , (12.2.13)
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Λ5e
2iξ = 14s
2
2β [λ1 + λ2 − 2λ345] + Re(λ5e2iξ) + ic2βIm(λ5e2iξ)
−s2βc2βRe[(λ6 − λ7)eiξ]− is2βIm[(λ6 − λ7)eiξ)] , (12.2.14)
Λ6e
iξ = − 12s2β
[
λ1c
2
β − λ2 ⊂2 −λ345c2β − iIm(λ5e2iξ)
]
+cβc3βRe(λ6e
iξ)+ ⊂ s3βRe(λ7eiξ) + ic2βIm(λ6eiξ) + i ⊂2 Im(λ7eiξ) , (12.2.15)
Λ7e
iξ = − 12s2β
[
λ1 ⊂2 −λ2c2β + λ345c2β + iIm(λ5e2iξ)
]
+ ⊂ s3βRe(λ6eiξ) + cβc3βRe(λ7eiξ) + i ⊂2 Im(λ6eiξ) + ic2βIm(λ7eiξ) , (12.2.16)
where
λ345 ≡ λ3 + λ4 + Re(λ5e2iξ) . (12.2.17)
Now the minimization conditions read simply as:
M211 = − 12Λ1v2 , M212 = 12Λ6v2 . (12.2.18)
The 3× 3 neutral scalar mass matrix defined in the basis {ϕ01, ϕ02, A} reads as:
M2 =

Λ1v
2 Re(Λ6)v
2 −Im(Λ6)v2
Re(Λ6)v
2 M222 +
1
2v
2(Λ3 + Λ4 + Re(Λ5)) − 12 Im(Λ5)v2
−Im(Λ6)v2 − 12 Im(Λ5)v2 M222 + 12v2(Λ3 + Λ4 − Re(Λ5))
 , (12.2.19)
The mass eigenvalues and eigenstates can be readily obtained from Eq. (12.2.19). For simplicity we shall
assume the Higgs sector to be CP-conserving, and take the VEVs as well as the couplings Λ5,6 to be real.
The CP odd eigenstate will then decouple from the CP even eigenstates in Eq. (12.2.19). The CP -even mass
eigenvalues in this limit are:
m2h,H =
1
2
[
m2A + v
2(Λ1 + Λ5)∓
√
[m2A + (Λ5 − Λ1)v2]2 + 4Λ26v4
]
, (12.2.20)
while the CP-odd and the charged Higgs boson masses are given by:
m2A = m
2
H± − 12v2(Λ5 − Λ4) , (12.2.21)
m2H± = M
2
22 +
1
2v
2Λ3 , . (12.2.22)
Here H± = −eiξ sinβ Φ±1 +cosβ Φ±2 is the physical charged Higgs, which is orthogonal to the charged Goldstone
boson G±.
The CP-even neutral Higgs mass eigenstates are given by:1
h = ϕ01 cos (α− β) + ϕ02 sin (α− β), (12.2.23)
1Since the original Higgs doublets Φ1,2 were rotated by an angle β to go to the H1,2 basis, defining the CP-even Higgs mixing
angle as α− β (rather than as α) would make it consistent with the standard notation used in the literature [735].
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H = ϕ02 cos (α− β)− ϕ01 sin (α− β), (12.2.24)
where ϕ01 and ϕ02 are defined in Eq. (12.2.4) and the angle (α− β) is defined as:
sin 2(α− β) = 2Λ6v
2
m2H −m2h
. (12.2.25)
The field h is identified as the observed Higgs boson of mass 125 GeV. We shall use these results in the discussion
of flavor phenomenology as well as collider physics.
12.2.2 Yukawa sector of the 2HDM
As noted in the Introduction, we treat the two Higgs doublets on equal footing. Thus, both doublets will couple
to fermions with comparable strengths. If the Yukawa coupling matrices have a certain hierarchy, consistent
with the mass and mixing angles of fermions, then Higgs-mediated flavor changing neutral currents can be
sufficiently suppressed [737]. This statement will be further elaborated in the next section. The original Higgs
doublets Φ1 and Φ2 will then have the following Yukawa couplings to fermions:
Ly = Y (1)d Q¯LdRΦ1 + Y (2)d Q¯LdRΦ2 + Y (1)u Q¯LuRΦ˜1 + Y (2)u Q¯LuRΦ˜2
+ Y
(1)
` ψ¯LΦ1`R + Y
(2)
` ψ¯LΦ2`R + h.c. (12.2.26)
Here QL = (u, d)TL and ψ` = (ν, e)
T
L are the left-handed quark and lepton doublets, while Φ˜a = iτ2Φ
∗
a.
In the rotated Higgs basis (see Eq. (12.2.1)) the Yukawa couplings can be written as
Ly = YdQ¯LdRH1 + Y˜dQ¯LdRH2 + YuQ¯LuRH˜1 + Y˜uQ¯LuRH˜2
+ Y`ψ¯LH1ψR + Y˜`ψ¯LH2ψR + h.c. (12.2.27)
Here (Yd, Y˜d), (Yu, Y˜u) and (Y`, Y˜`) are related to the original Yukawa coupling matrices as
Yd = cosβ Y
(1)
d + sinβe
iξ Y
(2)
d , Y˜d = − sinβe−iξ Y (1)d + cosβ Y (2)d
Yu = cosβ Y
(1)
u + sinβe
−iξ Y (2)u , Y˜u = − sinβeiξ Y (1)u + cosβ Y (2)u
Y` = cosβ Y
(1)
` + sinβe
iξ Y
(2)
` , Y˜` = − sinβe−iξ Y (1)` + cosβ Y (2)` . (12.2.28)
Since the VEV of H2 is zero, the up-quark, down-quark, and charged lepton mass matrices are given by
Mu = Yu v/
√
2, Md = Yd v/
√
2, Ml = Y` v/
√
2. (12.2.29)
We can diagonalize these mass matrices, which would simultaneously diagonalize the Yukawa coupling matrices
of the neutral Higgs bosons of the doublet H1. Note, however, that the ϕ01 component of H1 is not a mass
eigenstates. All Higgs-induced FCNC will arise from the Yukawa coupling matrices of the neutral members of
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H2. Thus, in the down quark sector, such FCNC will be proportional to Y˜d of Eq. (12.2.27), etc. We shall
define the matirces Y˜d, Y˜u and Y˜` of Eq. (12.2.27) in a basis where Mu,d,` have been made diagonal.
In the type-II 2HDM one assumes Y (2)d = Y
(2)
` = Y
(1)
u = 0 in Eq. (12.2.26), invoking a Z2 symmetry. This
would lead to Yd and Y˜d being proportional in Eq. (12.2.27) (and similarly Yu ∝ Y˜u, Y` ∝ Y˜`). Thus, in a basis
where Yd is diagonal, Y˜d will also be diagonal. As a result, type-II 2HDM would have no Higgs mediated flavor
violation at the tree level [736]. In a similar fashion, type-I 2HDM, where one assumes Y (2)d,u,` = 0, Yf and Y˜f are
diagonal simultaneously for f = d, u, `, resulting in neutral flavor conservation. The idea of alignment [735,749]
assumes Y (1)f and Y
(2)
f are proportional, again leading to neutral flavor conservation.
In our framework, the coupling matrices Y˜u, Y˜d and Y˜` are a priori arbitrary matrices. To be consistent
with flavor violation mediated by neutral Higgs bosons, we assume a hierarchy in Y˜u similar to the hierarchy
in Yu, and so forth. This ansatz will be elaborated in the next section. For collider studies, only Y˜t, Y˜b and Y˜τ
couplings, defined as the (3, 3) elements of Y˜u, Y˜d and Y˜l in a basis where Mu,d,` are diagonal, will play a role.
12.3 A Modified Ansatz for the Yukawa Couplings
The 2HDM can potentially lead to flavor changing neutral currents (FCNC) mediated by the neutral Higgs
bosons at an unacceptable level. As already noted, one could completely suppress tree level FCNC by assuming
a discrete Z2 symmetry [736]. One can also assume alignment of the two sets of Yukawa couplings to alleviate
this problem [735,749]. However, compete suppression of Higgs mediated FCNC is not necessary, as emphasized
in Ref. [737]. A hierarchical pattern of Yukawa couplings that can generate realistic fermion masses and mixings
may suppress excessive FCNC.
In Ref. [737], a particular pattern of the Higgs Yukawa couplings was suggested, referred to as the Cheng-Sher
(CS) ansatz. The Yukawa couplings of the two Higgs doublets Φa are taken to be of the form
(Y
(a)
f )ij =
√
2Cij
√
mimj
v
, f = (u, d, `) . (12.3.30)
Here mi is the mass of the ith fermion, v = 246 GeV is the electroweak VEV, and Cij are order one coefficients.
We have inserted a factor
√
2 since v is normalized to 246 GeV in our analysis (rather than 174 GeV). This is a
well motivated ansatz, as this form can explain qualitatively several features of the CKM mixing angles. With
this form of the Yukawa coupling matrices, the mass matrices will also take a similar form. The CKM mixing
angles will be given by
Vij = Kij
√
mi
mj
, i < j . (12.3.31)
Here Kij are order one coefficients, expressible in terms of Cij of Eq. (12.3.30). Furthermore, in this symmetric
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form of the Yukawa couplings, the form of Eq. (12.3.30) is the maximal allowed off-diagonal couplings consistent
with the masses of fermions, assuming no cancellations among various contributions.
Take for example the case where the quark mixings arise entirely from the down quark matrix. Using quark
masses evaluated at the top quark mass scale, mb ≈ 2.75 GeV, ms ≈ 52 MeV, md ≈ 2.76 MeV [750], and with
the central values of the CKM angles, |Vus| = 0.2243, |Vcb| = 0.0422, |Vub| = 0.00394, one would obtain for the
coefficients Kij of Eq. (12.3.31) the following values:
Kds ≈ 0.974, Kdb ≈ 0.124, Ksb ≈ 0.307 . (12.3.32)
These coefficients are roughly of order one, which provides justification to the ansatz of Eq. (12.3.30). Note,
however, that Kdb ∼ 1/8 in particular, is significantly smaller than order one.
We shall present an updated analysis of flavor violation constraints for the CS ansatz in the next section.
There we show that with the current data, various order one coefficients Cij appearing in Eq. (cs) will have to
be smaller than one, provided that the masses of the additional Higgs bosons of the model are below a TeV. In
particular, the constraint from µ→ eγ decay sets |Ceµ| ≤ 0.12. Constraints from K0 −K0 mixing, Bd,s −Bd,s
mixing and D0 − D0 mixings on the relevant Cij are also of similar order. While these constraints do not
exclude the scenario, they do make the ansatz somewhat less motivated.
In view of the strains faced by the CS ansatz, we propose a modified ansatz, which fares equally well in
explaining the pattern of CKM mixing angles, but causes acceptable FCNC mediated by the neutral Higgs
bosons. We take the Yukawa couplings of the two Higgs doublets Φa to fermions to be of the form
Y
(a)
ij =
√
2C
(a)
ij min{mi, mj}/v, (12.3.33)
where Cij are order one coefficients, mi is the mass of the ith fermion and v ' 246 GeV. The main difference
of this ansatz, compared to the CS ansatz of Eq. (12.3.30) is that the Yukawa couplings scale linearly with the
lighter fermion masses, rather than as the geometric means. We first show that this form of the couplings can
generate reasonable CKM mixings. With the form of Eq. (12.3.33) for the Yukawa couplings, the CKM mixing
angles would be given by
Vij = Kij
mi
mj
, i < j . (12.3.34)
Since the mass hierarchies are stronger in the up-quark sector, this would imply that the CKM angles scale as
the mass ratios in the down-quark sector. Using the values of the masses of (d, s, b) quarks evaluated at the
top quark mass scale, and using central values of the CKM mixing angles, this leads to the following Kij values:
Kds ≈ 4.23, Kdb ≈ 3.93, Ksb ≈ 2.23 . (12.3.35)
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These values are roughly of order one, and the overall goodness to fit to the CKM angles is comparable to that
of the CS ansatz (compare Eq. (12.3.32) with Eq. (12.3.34)). While in the CS ansatz the Kij are somewhat
smaller than one, in the modified ansatz they are slightly larger than one.
We turn to the flavor phenomenology of the modified ansatz in the next section. There we derive limits on
the Cij parameters in the modified ansatz and compare them with the limits on Cij of the CS ansatz. We find
that the modified ansatz allows for all Cij , at least in the CP conserving sector, to be of order one.
12.4 Higgs Mediated Flavor Phenomenology
In this section we derive constraints on the Cij parameters for the modified ansatz as well as the CS ansatz
arising from FCNC mediated by the neutral Higgs bosons of 2HDM. We write down the Yukawa couplings of
the two Higgs doublets in a rotated Higgs basis H1 and H2 such that 〈H2〉 = 0. The Yukawa Lagrangian is
given in Eq. (12.2.27). We define the matrices Y˜u,d,` in a basis where the matrices Yu,d,` are diagonal. This is
the physical mass eigenbasis. Since both Higgs doublets are treated on equal footing, the rotation that is needed
to go to the (H1, H2) basis should not change the form or the hierarchy of the original Yukawa couplings of Eq.
(12.2.26). This is true for the CS ansatz as well as the modified ansatz. Thus the form of the Y˜ij should be the
same as that of Y (a)ij .
The Yukawa couplings of H2 will then take, in the modified ansatz, the following form:
Y˜u =
√
2
v

Cuumu Cucmu Cutmu
Ccumu Cccmc Cctmc
Ctumu Ctcmc Cttmt
 , Y˜d =
√
2
v

Cddmd Cdsmd Cdbmd
Csdmd Cssms Csbms
Cbdmd Cbsms Cbbmb
 ,
Y˜` =
√
2
v

Ceeme Ceµme Ceτme
Cµeme Cµµmµ Cµτmµ
Cτeme Cτµmµ Cττmτ
 (12.4.36)
We shall show that Higgs mediated FCNC allows all the Cij appearing in Eq. (12.4.36) to be of order one. The
main constraints come from K0 −K0 mixing, B0d,s − B0d,s mixing and D0 −D0 mixing, mediated by neutral
Higgs bosons of 2HDM at the tree-level. The µ → eγ decay, although it arises only at the loop level, is also
found to provide important constraints. We now turn to derivations of these constraints.
12.4.1 Constarints from tree level Higgs induced FCNC processes
There are accurate experimental measurements [751] of neutral meson–antimeson mixings in the K0 − K0,
B0d − B0d, B0s − B0s and in D0 −D0 sectors, all of which are in agreement with SM predictions. In the 2HDM
337
Figure 12.1: Feynman diagrams for various FCNC processes mediated by tree–level neutral Higgs boson
exchange: top left: K0 − K0 mixing, top right: B0s − B0s mixing, bottom left: B0d − B0d mixing and bottom
right: D0 −D0 mixing.
there are new contributions to these mixings arising through tree level Higgs boson exchange diagrams shown
in Fig. 12.1. The SM predictions will be modified with these new contributions; here we derive constraints on
the 2HDM parameters from these processes.
We can write down the neutral Higgs boson mediated contributions to ∆F = 2 Hamiltonian responsible for
the neutral meson–antimeson mixings as [752,753]:
Heff = − 1
2Mk
2
(
q¯i
[
Y kij
1 + γ5
2
+ Y kji
∗ 1− γ5
2
]
qj
)2
. (12.4.37)
Here Y kij denote the Yukawa couplings of qi, qj with Higgs mass eigenstate Hk, with k taking values (h, H, A),
and qi,j represent the relevant quark fields contained in the meson.
The transition matrix element for meson mixing can be expressed as
Mφ12 = 〈φ|Heff |φ¯〉 = −
fφ
2mφ
2Mk
2
[
− 5
24
m2φ
(mqi +mqj )
2
(
Y kij
2
+ Y kji
∗2) ·B2 · η2(µ)
+Y kijY
k
ji
∗
(
1
12
+
1
2
mφ
2
(mqi +mqj )
2
)
·B4 · η4(µ)
]
. (12.4.38)
Here the neutral mesons (K0, B0d, B
0
s , D
0) are denoted as φ. We adopt the modified vacuum saturation and
factorization to parametrize the matrix elements, but use lattice evaluations of the matrix elements for our
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numerical study:
〈φ|f¯i(1± γ5)fj f¯i(1∓ γ5)fj |φ¯〉 = fφ2mφ
(
1
6
+
mφ
2
(mqi +mqj )
2
)
·B4,
〈φ|f¯i(1± γ5)fj f¯i(1± γ5)fj |φ¯〉 = −5
6
fφ
2mφ
mφ
2
(mqi +mqj )
2
·B2. (12.4.39)
We use the values: (B2, B4) = (0.66, 1.03) for the K0 system, (0.82, 1.16) for the B0d and B
0
s systems, and
(0.82, 1.08) for the D0 system [753, 754]. The QCD correction factors of the Wilson coefficients C2 and C4 of
the effective ∆F = 2 Hamiltonian in going from the heavy Higgs mass scale MH to the hadronic scale µ are
denoted by η2(µ) and η4(µ) in Eq. (12.4.38). These correction factors are computed as follows. We can write
the ∆F = 2 effective Hamiltonian in the general form as
H∆F=2eff =
5∑
i=1
Ci Qi +
3∑
i=1
C˜i Q˜, (12.4.40)
where
Q1 = q¯i
α
Lγµqj
α
Lq¯i
β
Lγ
νqj
β
L, Q2 = q¯i
α
Rqj
α
Lq¯i
β
Rqj
β
R, Q3 = q¯i
α
Rqj
β
Lq¯i
β
Rqj
α
L,
Q4 = q¯i
α
Rqj
α
Lq¯i
β
Lqj
β
R, Q5 = q¯i
α
Rqj
β
Lq¯i
β
Lqj
α
R, (12.4.41)
Q˜1,2,3 can be obtained from Q1,2,3 by interchanging L↔ R.
For computing η2,4 we consider the new physics scale MH to be 500 GeV. The evolution of the Wilson
coefficients from MH down to the hadron scale µ is obtained from
Cr(µ) =
∑
i
∑
s
(b
(r,s)
i + ηc
(r,s)
i )η
aiCs(Ms). (12.4.42)
Here η = αs(Ms)/αs(mt). For our numerical study, we use the magic numbers ai, b
(r,s)
i and c
(r,s)
i from Ref. [755]
for the K meson system, from Ref. [756] for the Bd,s meson system and from Ref. [757] for the D meson system.
With Ms = 500 GeV, mt(mt) = 163.6 GeV and αs(mZ) = 0.118, we find η = αs(0.5 TeV)/αs(mt) = 0.883.
At the mass scale of the heavy Higgs bosons, only operators Q2 and Q4 are induced. After evolution to low
energies for the K0 system we find
C2(µ) = C2(Ms) · (2.552), C4(µ) = C4(Ms) · (4.362),
C3(µ) = C2(Ms) · (−7.43× 10−5), C5(µ) = C4(Ms) · (0.157) . (12.4.43)
This leads to η2(µ) = 2.552, η4(µ) = 4.362 at µ = 2 GeV. Note that although non-zero C3 and C5 are induced
via operator mixing, their coefficients are relatively small.
Following the same procedure, we compute the evolution of the Wilson coefficients for the B0d,s system and
obtain
C2(µ) = C2(Ms) · (1.884), C4(µ) = C4(Ms) · (2.824),
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C3(µ) = C2(Ms) · (−0.021), C5(µ) = C4(Ms) · (0.076), (12.4.44)
leading to η2(µ) = 1.884, η4(µ) = 2.824 at µ = MB .
Similarly, for the D0 system we find
C2(µ) = C2(Ms) · (2.174), C4(µ) = C4(Ms) · (3.620),
C3(µ) = C2(Ms) · (−0.011), C5(µ) = C4(Ms) · (0.128), (12.4.45)
leading to η2(µ) = 2.174, η4(µ) = 3.620 at µ = MD. In all cases, we see that the induced operators C3 and C5
are negligible.
K0 −K0 mixing constraint:
The neutral Higgs contributions will modify both the mass difference ∆MK and the CP violation parameter
K . The mass splitting is obtained from the relation ∆mK = 2Re(MK12), while the CP violation parameter K is
given by |K | ' Im(M
K
12)√
2∆mK
. We demand that the new contributions to these quantities not exceed the experimental
measurements: ∆mK ' (3.484 ± 0.006) × 10−15 GeV and |K | ' 2.232 × 10−3. Measured values of the Kaon
mass and decay constant are used: mK = 498 MeV and fK = 160 MeV. If we assume that Y˜ds = Y˜sd, and take
these coupling to be real, we obtain the constraint
Y˜ 2ds
10−10
<
1.12
(
MH
500 GeV
)2
0.18 +
[(
MH
500 GeV
)2 − 0.062] sin2(α− β) (12.4.46)
If we now set sin(α − β) = 0.4 and MH = MA = 500 GeV, we get a limit of |Y˜ds| < 1.8 × 10−5. Writing
Y˜ds =
√
2Cds(md/v), as suggested by the modified Yukawa ansatz of Eq. (12.3.33), we find Cds < 1.16. If we
use instead the CS ansatz and write Y˜ds =
√
2Cds(
√
mdms/v), we would get |Cds| < 0.26. These constraints
are tabulated, along with other constraints, in Table 12.1.
We have also derived the constraints on Cds from ∆mK and |K | by assuming Yij = Y ?ji =
√
2md
v Cije
iφ.
Here K gives a much more stringent constraint on the phase φ. These results are summarized in Table 12.2
where we present three benchmark points for the phase parameter. While both the CS ansatz and the modified
ansatz require a relative small phase, the modified ansatz fares better than the CS ansatz.
B0s −B0s mixing constraint:
For the B0s −B0s system we demand that the new contributions be less than the experimental value of [751]
∆mBs = 1.1688 × 10−11 GeV. Using mBs = 5.37 GeV and fBs = 295 MeV, we obtain with Y˜bs = Y˜sb the
constraint
Y˜ 2bs
10−7
<
3.09
(
MH
500 GeV
)2
0.194 +
[(
MH
500 GeV
)2 − 0.062] sin2(α− β) (12.4.47)
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If we take Y˜bs to be real as well, the limit is |Cbs| ≤ 3.17.
B0d −B0d mixing constraint:
As in the other cases, we demand the new contribution to the B0d−B¯0d mixing to be less than the experimental
value of ∆mBd = 3.12 × 10−13 GeV. Using as input mBd = 5.281 GeV, fBd = 240 MeV and with Y˜db = Y˜bd,
the constraint is
Y˜ 2bd
10−8
<
1.243
(
MH
500 GeV
)2
0.194 +
[(
MH
500 GeV
)2 − 0.062] sin2(α− β) (12.4.48)
Under the assumption that the Yukawas couplings are also real, we get |Cbd| ≤ 11.98 in our modified ansatz.
D0 −D0 mixing constraint:
For the D0 −D0 mixing, we use [751] ∆mD = 6.25× 10−15 GeV. With mD = 1.864 GeV, fD = 200 MeV,
with Y˜uc = Y˜cu, we find
Y˜ 2uc
10−10
<
4.04
(
MH
500 GeV
)2
0.193 +
[(
MH
500 GeV
)2 − 0.062] sin2(α− β) (12.4.49)
When Y˜uc is also real, we get |Cuc| < 4.9.
Upper bound on the coefficients Cij from K0 −K0, B0s −B0s , B0d −B0d and D0 −D0 mixing constraints are
summarized in Table 12.1 for the modified ansatz, and compare them with the constraints from the CS ansatz.
Since the coefficient Csb is near one, one could expect new sources of CP violation in Bs − Bs, which is small
in the SM.
Upper bound on Cij Cheng-Sher Ansatz Our Ansatz
K0 −K0 mixing constraint 0.26 1.16
B0s −B0s mixing constraint 0.436 3.171
B0d −B0d mixing constraint 0.379 11.984
D0 −D0 mixing constraint 0.222 4.893
Table 12.1: Upper bounds on the coefficients Cij from K0 − K0, B0s − B0s , B0d − B0d and D0 − D0 mixing
constraints. Here we have set Yij = Yji, assumed the couplings to be real, and took MH = MA = 500 GeV.
Constraints from µ→ eγ
Here we derive limits on the flavor violating leptonic Yukawa couplings from the loop-induced process µ→ eγ.
Both Higgs doublets have couplings to charged leptons in our 2HDM framework. As a result, there are one-loop
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Benchmark
Points Mass Matrix Ansatz Bound on Cij from ∆mK Bound on Cij from K
Phase φ = 0.1
Cheng-Sher Ansatz 0.269 0.048
Our Ansatz 1.171 0.210
Phase φ = 10−2
Cheng-Sher Ansatz 0.267 0.152
Our Ansatz 1.159 0.661
Phase φ = 10−3
Cheng-Sher Ansatz 0.267 0.481
Our Ansatz 1.159 2.09
Table 12.2: Upper bound on the coefficients Cds from K0 − K0 mixing and measurement of CP violation
parameter |K |. Here we choose Yij = Y ?ji =
√
2md
v Cije
iφ in our modified ansatz, with the factor md changed to
√
mdms for the CS ansatz.
Figure 12.2: Representative one and two loop Feynman diagrams contributing to (µ → eγ) process in the
2HDM.
and two-loop âĂĲBarr-ZeeâĂİ contributions for µ → eγ decay. Representative one- and two-loop Feynman
diagrams contributing to this decay in the 2HDM are shown in Fig. 12.2. We follow the analytic results given
in Ref. [758] to evaluate these diagrams. The leading one-loop contribution to µ → eγ has the τ lepton and a
neutral scalar inside the loop, with the photon radiated from the internal τ line. It was pointed out in Ref. [759]
some time ago that certain two-loop diagrams may in fact dominate over the one loop contributions owing to
smaller chiral suppression. The loop suppression is overcome by a chiral enhancement of the two-loop diagram,
relative to the one-loop diagram. This effect was noted by Barr and Zee [760] in the context of electric dipole
moments.
In Fig. 12.3, we compute the branching ratio Br (µ → eγ) as a function of the mixing angle sin(α − β) in
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Figure 12.3: Branching ratio Br (µ→ eγ) as a function mixing sin(α−β) in two scenarios: Left: our modified
ansatz where amplitude goes as me, Right: Cheng-Sher ansatz where amplitude goes as
√
memµ
v . Here we set
Y˜t = 1, and Ceµ = Cµe = 1.
two scenarios; one following CS Yukawa coupling ansatz, and the other following our proposed modified ansatz.
For these plots we set Y˜t = 1. As can be seen from the figure, for order one coefficient Ceµ in the CS ansatz,
most of the parameter space is ruled out by experimental limit [761] Br(µ → eγ) < 4.2 × 10−13. It is also
clear from the figure that with the modified ansatz, Ceµ can be of order one, even when sin(α − β) is as large
as 0.6. For a specific choice of MH = 500 GeV and sin(α − β) = 0.4, we get Br(µ → eγ) = 2.5 × 10−11C2eµ
for the case of the CS ansatz, which requires |Ceµ| < 0.12 in this case. With our modified ansatz we get
Br(µ→ eγ) = 1.21× 10−13C2eµ which leads to to a much weaker constraint |Ceµ| < 1.9.
Thus we see that the modified Yukawa ansatz fares better as regards the Higgs mediated FCNC compared
to the CS ansatz. We have already noted that both ansatze give reasonable values of the CKM matrix. Since
in the modified ansatz Ceµ is close to one, we would expect the decay µ→ eγ to be potentially observable.
12.5 Collider Implications of the 2HDM
In this section we analyze the implications of the 2HDM at colliders. We pay special attention to the allowed
parameter space of the model from observed properties of the 125 GeV h boson, and investigate possible
deviations in tth, di-Higgs and Zh production rates. As we shall see, in spite of the consistency of the h boson
with SM predictions, ample room remains for the above-mentioned signals deviating from the SM.
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12.5.1 Higgs observables at the LHC
The propertis of the 125 GeV Higgs boson h in various production modes and decays into various final states at
LHC so far seem to agree with the SM predictions. But uncertainties still remain in some of these measurements.
This encourages to explore potential deviations in certain observables, and their correlations. One possibility
that we have explored is to see if the new Yukawa couplings of the top quark in the 2HDM can lead to
deviations in the tt¯h production cross section at the LHC. This has recently been observed by the CMS [741]
and ATLAS [740] collaborations. We numerically analyze the effects of anomalous top and bottom (and tau)
Yukawa couplings on the tt¯h production as well as the signal strengths of Higgs boson decay modes for h →
γγ,WW,ZZ, bb¯, τ τ¯ , Zγ. Then we try to identify the parameter space which is consistent with both the recent
ATLAS and CMS results from the LHC Run-2 (37 fb−1) data. Then remaining within the allowed parameter
region, we analyze possible conspicuous signals such as enhanced di-Higgs boson production allowed by the
2HDM.
The parameter space of our model relevant for LHC study is spanned by the three new Yukawa couplings
of t, b and τ in the rotated Higgs basis, mass of the heavy neutral Higgs boson H and the mixing angle α− β:1
{
Y˜t, Y˜b, Y˜τ , MH , sin(α− β)
}
(12.5.50)
There are several search channels for the 125 GeV h [739] at the LHC by ATLAS and CMS collaborations.
These results can give strong bounds on the free parameters of the 2HDM affecting Higgs observables. While
the properties of the h boson are consistent with SM expectations, there is still enough room to look for new
physics. To characterize the Higgs boson yields, the signal strength µ is defined as the ratio of the measured
Higgs boson rate to its SM prediction. For a specific Higgs boson production channel and decay rate into specific
final states, the signal strength is expressed as:
µif =
σi ·BRf
(σi)SM · (BRf )SM = µ
i · µf ; (12.5.51)
where σi; (i = ggF, V BF,Wh,Zh, tt¯h) is the production cross section for i→ h andBRf ; (f = ZZ?,WW ?, γγ, τ+τ−, bb¯, µ+µ−)
is the branching ratio for different decay modes h → f . The current status on signal strengths constraints
[739,742] for various decay modes are summarized in Table 12.3:
Now the partial decay widths for various SM Higgs decay modes within the 2HDM are calculated as:
Γh→γγ = κ2γγΓ
SM
h→γγ , (12.5.52)
1The masses of the pseudoscalar A and the charged Higgs boson H± are nearly degenerate with the mass of H, and thus not
independent in our study.
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Higgs Physics Constraints from LHC Run II Data
Collaboration Luminosity (L) [fb−1] Decay Channels Production Modes Signal Strength Limit (µ) References
ggF 1.15+0.21−0.18
36 γγ V BF 0.68+0.59−0.45 [766]
Wh 3.71+1.49−1.35
Zh 0.0+1.13−0.00
ggF 1.22+0.24−0.21
36 ZZ? V BF −0.09+1.02−0.76 [770]
CMS Wh 0.0+2.32−0.00
Zh 0.0+4.26−0.00
ggF 1.35+0.20−0.19
36 WW ? V BF 0.28+0.64−0.60 [776]
Wh 3.91+2.26−2.01
Zh 0.96+1.81−1.46
ggF 1.05+0.53−0.47
36 τ+τ− V BF 1.12+0.45−0.43 [778]
ggF + V BF + V h 1.06+0.25−0.24
36 bb V h 1.06+0.31−0.29 [780]
36 µ+µ− ggF + V BF + V h 0.7+1.0−1.0 [785]
ggF 0.80+0.19−0.18
36 γγ V BF 2.10+0.60−0.60 [767]
V h 0.70+0.90−0.80
ggF 1.11+0.23−0.27
36 ZZ? V BF 4.0+2.10−0.18 [771]
ATLAS V h 0.0+1.90−1.90
ggF 1.02+0.29−0.26
6 WW ? V BF 1.70+1.1−0.90 [774,775]
V h 3.2+0.44−4.2
ggF 2.0+0.80−0.80
36 τ+τ− V BF + V h 1.24+0.58−0.54 [778]
ggF + V BF + V h 1.43+0.43−0.37
36 bb V h 0.9+0.28−0.26 [779]
36 Zγ ggF + V BF + V h 0.0+3.4−3.4 [781]
36 µ+µ− ggF + V BF + V h −0.10+1.501.50 [786]
Table 12.3: Signal strength constraints from recently reported 13 TeV LHC data along with references.
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Γh→bb¯ = κ
2
bΓ
SM
h→bb, (12.5.53)
Γh→WW∗ = κ2WΓ
SM
h→WW∗ , (12.5.54)
Γh→ZZ∗ = κ2ZΓ
SM
h→ZZ∗ , (12.5.55)
Γh→gg = κ2gΓ
SM
h→gg, (12.5.56)
Γh→τ+τ− = κ2τΓ
SM
h→ττ , (12.5.57)
Γh→cc¯ = ΓSMh→cc, (12.5.58)
Γh→Zγ = κ2ZγΓ
SM
h→Zγ , (12.5.59)
where one can find the SM partial decay widths in Ref. [762].
In order to study the constraints from the current LHC data, the scaling factors which show deviations in
the Higgs coupling from the SM in the 2HDM are defined as:
κW,Z = cos (α− β), (12.5.60)
κt =
[
cos (α− β) + Y˜tv√
2mt
sin(α− β)
]
, (12.5.61)
κb =
[
cos (α− β) + Y˜bv√
2mb
sin(α− β)
]
, (12.5.62)
κτ =
[
cos (α− β) + Y˜τv√
2mτ
sin(α− β)
]
, (12.5.63)
κγγ =
∣∣∣∣∣∣
4
3κtF1/2(mh) + F1(mh) cos (α− β) +
vλhH+H−F0(mh)
2m2
H+
4
3F1/2(mh) + F1(mh)
∣∣∣∣∣∣ , (12.5.64)
κZγ =
∣∣∣∣∣∣
2
cos θW
(
1− 83 sin2 θW
)
κtF1/2(mh) + F1(mh) cos (α− β) + vλhH+H−λZH+H−F0(mh)2m2
H+
2
cos θW
(
1− 83 sin2 θW
)
F1/2(mh) + F1(mh)
∣∣∣∣∣∣ ,(12.5.65)
κg =
[
1.034κt + bκb
1.034 + b
]
, (12.5.66)
(12.5.67)
where the loop function are given by:
F1(x) = −x2
[
2x−2 + 3x−1 + 3(2x−1 − 1)f(x−1)] , (12.5.68)
F1/2(x) = 2x
2
[
x−1 + (x−1 − 1)f(x−1)] , (12.5.69)
f(x) = arcsin2
√
x (12.5.70)
b = −0.032 + 0.035i , (12.5.71)
with xi ≡ 4m2i /m2h (i = t,W ).
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In the 2HDM, the charged Higgs boson will also contribute to h → γγ and h → Zγ decay via loops, in
addition to the top quark and W boson loops. These contributions to h → γγ and h → Zγ are negligible,
as long as the mass of H± is kept above 300 GeV to be consistent with the current experimental constraints
[751,763–765].
Figure 12.4: Top Left: Contour plot of µtt¯h in {Y˜t, sin(α − β)} plane. Here Y˜b = −0.09 is kept fixed. Top
Right: Contour plot of µtt¯h in {Y˜t, Y˜b} plane. Here we choose sin(α − β) = 0.5. Bottom: Contour plot of
µtt¯h in {sin(α − β), Y˜b} plane, with Y˜t = 1.25 fixed. The yellow, cyan, green, red and purple shaded regions
are excluded from the signal strength limits for various decay modes (γγ, ττ, bb¯, ZZ?,WW ?) respectively. The
white shaded region simultaneously satisfies all the experimental constraints.
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The Run-1 data reported by ATLAS and CMS collaborations have been combined 1 and analyzed using the
signal strength formalism and the results are presented in Ref. [739]. Recently, ATLAS and CMS collaborations
have reported the results [742] on Higgs searches based on 36 fb−1 data at 13 TeV LHC. The individual analysis
by each experiment examines a specific Higgs boson decay mode corresponding to the various production
processes which are h → γγ [766–769], h → ZZ? [770–773], h → WW ? [774–776], h → ττ [777, 778], h → bb¯
[779, 780] and h → Zγ [781, 782]. In Fig 13.1, we have used the most updated constraints on signal strengths
reported by ATLAS and CMS collaboration for all individual production and decay modes as shown in Table
12.3 at 95% confidence level. As a consistency check, we have used also the combined signal strength value for
a specific decay mode considering all the production modes and which is relatively stable with the results of
Fig. 13.1.
12.5.2 Deviations in h Yukawa couplings and LHC constraints
Figure 12.5: : The two-dimensional best-fit of the signal strength modifiers for the processes tt¯h, h → bb¯
versus tt¯h, h → V V ?, (V = W,Z) (left) and tt¯h, h → τ+τ− versus tt¯h, h → V V ?, (V = W,Z) (right). Three
benchmark points (BP) are also shown in this contour plot.
Now, we evaluate the signal strength µtt¯h (= κ2t ) for the production of SM Higgs associated with the top
quark pair. Since the tau Yukawa term, Y˜τ , has no significant contribution to the total decay width of SM
Higgs compared to Y˜b, we set the value of Y˜τ small and equal to 10−3 for the rest of our analysis. This choice
1Since Run-II 37 fb−1 data of ATLAS and CMS collaborations have not combined and reported yet, we have used the following
formalism to combine the ATLAS and CMS reported results for the signal strength for a specific production and decay mode: If
x1, ..., xN are unbiased measurements of the same unknown quantity x with different variances σ21 ...σ
2
N , then the weighted average
is: X =
∑N
i=1 wixi∑N
i=1 wi
, where wi = 1σ2i
is unbiased (< X >= x) with variance σ2X =
1∑N
i=1 wi
.
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does not affect the phenomenology that we focus on. The upper left segment of Fig. 13.1 shows the contour
plot of µtt¯h in {Y˜t, sin(α− β)} plane for a fixed value of Y˜b = −0.09, while the right segment shows the contour
plot of µtt¯H in {Y˜t, Y˜b} plane for a fixed value of sin(α − β) = 0.5. The bottom segment of Fig. 13.1 shows
the contour plot of µtt¯h in {Y˜b, sin(α− β)} plane for a fixed value of Y˜t = 1.25. Fig. 13.1 clearly indicates that
within the 2HDM, tt¯h can be produced upto 1.9 times the SM predicted cross-section at the LHC, satisfying
all the current experimental constraints from the 125 GeV Higgs boson searches within our model as we allow
a variation of Y˜t between −2 and 2. As we shall see in the next section, µtt¯h will be further constrained from
experimental limits on heavy Higgs boson searches. It is also to be noted that tt¯h production rate can be as
low as 0.5 times weaker than the SM predicted values within the 2HDM. We see from Fig. 13.1 that µtt¯h value
gets suppressed if either sin(α− β) or Y˜t is negative as shown in Eq. 12.5.61. Due to the different interference
patterns between Yukawas (Y˜t, Y˜b, Y˜τ ) and the mixing sin(α − β) in different decay modes, these plots are not
symmetric about the central axes. It should be noted that, within our model there are additional modes of tt¯h
production via SM Higgs h production in association with the pseudoscalar A or heavy Higgs H, followed by
the decay of A and/or H to tt¯. Since the hA production via quark fusion is dictated by the coupling ZhA,
which is suppressed by sin(α − β), and also due to the significant loss in quark luminosity compared to gluon
luminosity in the production, we have found its contribution in tt¯h production to be less than 1%. On the
other hand, hH or hA production via gluon gluon fusion will occur through triangle and box diagrams with top
quarks. Due to the destructive interference between these two diagrams, the production rate will be small. In
addition, there will be another suppression in the subsequent branching ratios for H → tt¯, or A→ tt¯. Although
its contribution to the total tt¯h production is found to be less than 2%, we take these effects into account. The
white shaded region in Fig. 13.1 simultaneously satisfies all the experimental constraints.
We have also scanned the parameter space for negative Y˜t and found that the most of the parameter space
is ruled out by the current experimental constraints provided that tt¯h production is decreased with compared
to the SM. We also calculate the signal strength for Zγ channel which is well consistent with the available
experimental data [781, 782]. The signal strength in Zγ channel can vary from 0.7 to 1.4 satisfying all the
constraints. Considering the best possible scenario in the available allowed parameter space for the Higgs boson
production associated with a top quark pair, followed by the Higgs boson decays to WW ? and ZZ?, the limit
will go upto 1.6 times of the SM, where we allow | Y˜t | values upto 2, since it will be suppressed by an extra
cos2 (α− β) term due to the different hWW and hZZ coupling and which can simultaneously explain the
recently reported ATLAS and CMS results [740, 741] on tt¯h production. The two-dimensional best-fit of the
signal strength modifiers for the processes tt¯h, h→ bb¯ versus tt¯h, h→ V V ?, (V = W,Z) (left) and tt¯h, h→ τ+τ−
versus tt¯h, h→ V V ?, (V = W,Z) (right) is shown in Fig. 12.5. Three benchmark points (BP), mentioned later
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in next sub-section, are also shown in this contour plot.
Channel
Observed Limit on Signal Strength (µ)
ATLAS CMS
Run-1 Combination µtt¯h = 2.3+0.7−0.6
bb¯ µtt¯h = 0.84+0.64−0.61 µtt¯h = 0.91
+0.45
−0.43
Multilepton µtt¯h = 1.6+0.5−0.4 µtt¯h = 1.60
+0.66
−0.59
ZZ µtt¯h < 7.7 µtt¯h = 0.00+1.51−0.00
γγ µtt¯h = 0.5+0.6−0.6 µtt¯h = 2.14
+0.87
−0.74
Combined analysis µtt¯h = 1.32+0.28−0.26 µtt¯h = 1.26
+0.31
−0.26
Table 12.4: Current summary of the observed signal strength µ measurements and tt¯h production significance
from individual analyses and the combination as reported by ATLAS and CMS collaboration [740,741].
12.5.3 Constraints from measurements of flavor violating Higgs boson couplings
Constraint from the exotic decay of top quark t→ hc :
In the 2HDM, an exotic top quark decay t → hc will be generated for non-zero Y˜ tcu as well as Y˜ ctu . The
decay branching ratio for t→ hc is:
BR(t→ hc) = sin
2 (α− β)(|Y˜ tcu |2 + |Y˜ ctu |2)
64pi
mt
Γt
(
1− m
2
h
m2t
)2
, (12.5.72)
' 3× 10−3
(
Y˜ tcu sin (α− β)
0.15
)2
. (12.5.73)
Here we adopt Γt = 1.41 GeV for the total decay rate of the top quark. The current experimental bound at
the 95% C.L. [783] is reported as:
BR(t→ hc) ≤ 4× 10−3. (12.5.74)
Our model is well consistent with this constraint as it predicts very suppressed branching ratio BR(t→ hc) =
7.33× 10−6 sin2(α− β) for order one coefficient Ctc.
Constraints from lepton flavor violating Higgs boson decays:
Searches for the lepton flavor violating Higgs boson decays h → eτ, h → µτ constrain the lepton flavor
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violating Yukawa couplings Y˜ eτe and Y˜ µτe . CMS collaboration recently reported their updated results with an
integrated luminosity of 35.9 fb−1 at
√
s = 13 TeV:
BR(h→ µτ) ≤ 0.25 %, (12.5.75)
BR(h→ eτ) ≤ 0.61 %, (12.5.76)
at 95% C.L. [784]. Our model predicts the branching ratio BR(h→ µτ) to be
BR(h→ µτ) =
sin2 (α− β)
(
|Y˜ µτe |2 + |Y˜ τµe |2
)
mh
16piΓh
, (12.5.77)
= 0.24%
(
Y˜ µτe sin (α− β)
2× 10−3
)2
, (12.5.78)
where the total decay rate of the Higgs boson is given by Γh = 4.1 MeV. Similarly the 2HDM predicts
BR(h→ eτ) = 0.62%
(
Y˜ eτe sin (α− β)
3.2× 10−3
)2
. (12.5.79)
Hence lepton flavor violating Higgs boson decays do not put any significant bound on the parameters of our
2HDM framework.
12.5.4 CP– even Higgs phenomenology
Here we turn to the production and decay of the heavy neutral scalar, H, in the context of the LHC experiments.
The most relevant interaction, in the context of collider phenomenology of H, is the Λ6 term in the scalar
potential involving Hhh coupling which gives rise to tree-level decay of H into Higgs pairs, H → hh. There are
also contributions to W±W∓ and ZZ decay modes of H arising from its mixing with the SM Higgs boson. H
has a tree level Yukawa couplings with the quarks and leptons. As a consequence, H is also allowed to decay into
a pair of top quarks, bottom quarks, tau leptons and even into a pair of gluons. The HW±W∓, Htt¯,HH+H−
couplings allow H to decay into γγ, Zγ, ZZ, W±W∓, gg, hh and Zh pairs at the one loop level. However,
all the loop induced decays are too suppressed compared to tree level hh,W±W∓, ZZ, tt¯, bb¯, τ+τ−. H has loop
induced coupling to a pair of gluons due to its coupling to tt¯H at tree level. As a result H will be dominantly
produced via gluon gluon fusion at the LHC. Branching ratios to different decay modes of H as a function of
the mixing term sin(α−β) is shown in the Fig. 12.6 for two different masses of H (MH = 500 and 280 GeV). As
we can see, below top quark mass threshold (MH < 2Mt), heavy Higgs H mostly decays to hh,W+W−, ZZ, bb¯.
On the other hand, when MH > 2Mt, one of the dominant decay modes become H → tt¯. However, we see that
di-Higgs mode is the most dominant decay in all scenarios. In Fig. 13.2, we have shown the branching ratios to
different decay modes of H as a function of the mass MH . Here we fix the value of three Yukawas and mixing
as: Y˜t = 1.25, Y˜b = −0.09, Y˜τ = 10−3, and sin(α − β) = 0.5) to be consistent with the Fig. 13.1 constraints
351
from properties of h. Throughout our analysis, the charged Higgs boson (H±) mass is kept almost degenerate
with H and well above 300 GeV to be consistent with the current experimental constraints [751]. We also keep
the mass splitting between charged and neutral member of the H2 to be below 100 GeV [735].
Figure 12.6: Branching ratios of H as a function of mixing parameter sin(α− β).
A Di-Higgs boson production
The di-Higgs production has drawn a lot of attentions [747, 787–795] since it is the golden channel to directly
probe the triple Higgs-boson self-interaction within the SM, and therefore, tests the EW symmetry breaking
mechanism. In the SM, the 125 GeV Higgs boson is pair produced through a triangle and a box diagram. The
di-Higgs boson production rate in the SM is very small mainly due the smallness of the strength of individual
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Figure 12.7: Branching ratios of H as a function of its mass MH .
diagrams, and also due to the negative interference between the triangle and box diagrams. At the 13 TeV
LHC, the hh production cross section is about 33.5 fb, which is almost 1295 times weaker than the single Higgs
production and it cannot be measured at current luminosity owing to the small branching fraction of h decaying
into ZZ∗ and WW ∗ and the large SM background. In the SM, di-Higgs production is thoroughly studied in
Ref. [796].
Within the 2HDM framework, extra contribution to di-Higgs production arises from the decay of H after
being resonantly produced mainly via gluon gluon fusion process at the LHC. Also, change in the tt¯h coupling
compared to the SM could give a significant deviation on di-Higgs production cross-section. These effects could
significantly enhance the di-Higgs production rate and make it testable at the LHC. Therefore, it is important
to analyze how largethe cross section can be, consistent with SM Higgs boson properties. The most promising
signal for di-Higgs search is the bb¯γγ, since it benefits from the large branching ratio of h→ bb¯ decay (∼ 58%)
and also due to the clean diphoton signal (due to highmγγ resolution) on top of the smooth continuum diphoton
SM background. On the other hand, due to the higher branching ratios of the SM Higgs boson decays to bb¯
and τ+τ−, the bb¯bb¯ and bb¯τ+τ− channels have larger signals, but they suffer from large QCD background.
The signal strength relative to the SM expectation µhh is defined as following:
µhh =
σ(pp→ hh)2HDM
σ(pp→ hh)SM =
[
σRes(pp→ hh) + σNon−Res(pp→ hh)]
2HDM
σ(pp→ hh)SM , (12.5.80)
where,
σRes(pp→ hh) = σ(pp→ H)×Br(H → hh) (12.5.81)
σ(pp→ H) = σ(pp→ h(MH))×
(
− sin(α− β) + vy˜t√
2mt
cos (α− β)
)2
(12.5.82)
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Figure 12.8: Contour plot of µhh in µtt¯h-MH plane. The scaling of µhh is shown on right side of the each
figure. Black, pink and cyan colored meshed zones are excluded parameter space from current di-Higgs limit
looking at different final states bb¯γγ, bb¯bb¯ and bb¯τ+τ− respectively; red and blue meshed zone is the excluded
parameter space from the resonant ZZ and W+W− production constraints. We have used a typical set of
parameters (sin(α− β) = 0.5, Y˜b = −0.09, Y˜τ = 10−3) for top left; (sin(α− β) = 0.3, Y˜b = −0.09, Y˜τ = 10−3) for
top right; (sin(α−β) = 0.4, Y˜b = 0.02, Y˜τ = 10−3) for bottom left and (sin(α−β) = −0.2, Y˜b = 0.04, Y˜τ = 10−3)
for bottom right.
In the 2HDM, di-Higgs (hh) production will occur both resonantly and non-resonantly. Non-resonant di-Higgs
(hh) production will be largely affected by the deviation of tt¯h and hhh couplings, whereas the resonant
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production of hh, absent in SM, will occur significantly due to the large Hhh coupling which exists at the tree
level. In Fig. 13.3, we show the correlation between tt¯h enhancement and hh production enhancement when
compared to the SM. Here we implement the current experimental limits [742–746] on di-Higgs production which
is indicated by the black, pink and cyan colored meshed zone looking at different final states bb¯γγ, bb¯bb¯ and
bb¯τ+τ− respectively. Although, we calculate all the current experimental limits from hh, tt¯,W+W− and ZZ
resonant production, the most stringent limit is occurs from resonant di-Higgs production limit [742–744, 746]
and from resonant ZZ and W+W− production limits [797]. We choose four different set of parameters {sin(α−
β) = 0.5, Y˜b = −0.09, Y˜τ = 10−3} for top left, {sin(α − β) = 0.3, Y˜b = −0.09, Y˜τ = 10−3} for top right,
{sin(α − β) = 0.4, Y˜b = 0.02, Y˜τ = 10−3} for bottom left and {sin(α − β) = −0.2, Y˜b = 0.04, Y˜τ = 10−3} for
bottom right]. Fig. 13.3 clearly indicates that we can satisfy enhanced µtt¯h value of upto 1.9 and the µhh value as
big as 25 depending upon the heavier Higgs mass. This is significant enough to observe the hh pair production
in the upcoming run or at the high luminosity LHC. These plots signify that if tt¯h signal strength remains higher
than the SM, the 2HDM is a great platform to explain it with a smoking gun signal of di-Higgs production
at the LHC. In a recent study [798], it is shown that the SM like di-Higgs production with a cross section of
33.45 fb can be observed with 3.6σ significance [798], if LHC luminosity is upgraded to 3 ab−1. IN our 2HDM
scenario, the enhanced di-Higgs production rate is so large that it can potentially be observed with the 100 fb−1
LHC luminosity, which is close to the data set currently analyzed. The newly proposed future hadron-hadron
circular collider (FCC-hh) or super proton-proton collider (SppC), designed to operate at 100 TeV centre of
mass energy, can easily probe most of the parameter space in 2HDM through the hh pair production [799–801].
A few benchmark points within the 2HDM and the corresponding µhh and µtt¯h are summarized in Table
12.5. Let us focus on one of the benchmark points, say BP1 in detail. Since κt is enhanced by a factor ∼ 37%,
resonant SM Higgs boson production will also be enhanced in gluon gluon fusion. But, due to tiny enhancement
in the hbb¯ coupling and a decrease in the effective couplings hγγ, hWW,hZZ and hτ τ¯ , the branching ratios
for the decay modes h → γγ,WW,ZZ, τ τ¯ will be suppressed to ∼ 52%, 75%, 75%, 84% respectively. Overall,
production times branching ratio will get adjusted within the signal strength constraints at 95% confidence
level.
Since the effective hZZ or hWW couplings are suppressed in these scenario via mixing, it may lead to
tension in V BF , Wh and Zh production and subsequent decay of h to WW or ZZ, as the signal strength will
be suppressed naively by a factor of cos4 (α− β) due to mixing. Although, there is a huge uncertainty in these
measurements accrording to the updated results of 13 TeV 36 fb−1 data, the central value prefers suppressed
signal strength as low as 0.05 [770]. Such a suppression, if needed, can be achieved in our scenario compared
to the SM. The suppression factor is 0.56 in our case for BP1. Hence, our allowed parameter space can satisfy
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Benchmark
Points
Y˜t Y˜b Y˜τ sin (α−β) MH [GeV ] Scaling Factors µtt¯h µhh
BP1 +1.01 −0.10 10−3 +0.50 500 κW = 0.866
κZ = 0.866
κt = 1.374
κb = −1.001
κτ = 0.915
κγγ = 0.723
κZγ = 0.778
1.89 15
BP2 −1.0 +0.01 10−3 −0.10 600 κW = 0.995
κZ = 0.995
κt = 1.096
κb = 0.958
κτ = 0.985
κγγ = 0.966
κZγ = 0.976
1.2 10
BP3 1.25 +0.05 10−3 −0.20 680 κW = 0.980
κZ = 0.980
κt = 0.728
κb = 0.61
κτ = 0.960
κγγ = 1.05
κZγ = 1.08
0.53 11
Table 12.5: Sample points on parameter space and corresponding µhh and µtt¯h.
all the experimental constraints [742] at 2σ level and simultaneously can lead to enhanced di-Higgs and tt¯h
production rates as well.
The two-dimensional best-fit for the signal strengths for gluon gluon fusion (ggF) and vector boson fusion
(VBF) production modes compared to the SM expectations (black spade) looking at h → γγ [766] and h →
ZZ? → 4l [770] channels are shown in Fig. 12.9 using 36 fb−1 data of 13 TeV LHC. Uncertainty in these two
channels are least compared to other channels and hence impose the most stringent limits. ggF is the most
dominant and VBF is the second dominant production mode for single h production. In the SM, the ratio of
resonant single Higgs boson (h) production in VBF production to the ggF production is ∼ 0.085. In the 2HDM
this ratio can deviate largely compared to the SM prediction which is reflected in the Fig. 12.9. For three of
the benchmark points listed, this ratio becomes 0.034, 0.07 and 0.154 respectively. As the branching ratios also
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Figure 12.9: : The two-dimensional best-fit of the signal strengths for ggF and VBF production modes
compared to the SM expectations (black spade) looking at h → γγ [766] and h → ZZ? → 4l [770] channels.
The dashed red and black line represent the 2σ standard deviation confidence region for h → γγ [766] and
h → ZZ? → 4l [770] channels respectively. Red and blue shaded regions are 2HDM predicted region. Three
benchmark points (BP) are also shown in this contour plot.
deviate from the SM simultaneously, these points lie within the 2σ confidence region for the two-dimensional
best-fit of the signal strengths for ggF and VBF production modes.
In two Higgs doublet model with additional discrete Z2 symmetry, there will be resonant di-Higgs production
which has been extensively studied in [802]. The resonant di-Higgs production rate is much larger in our
framework compared to the type-II 2HDM. It is easy to understand this difference. In the type-II 2HDM,
resonant production cross section of H is suppressed since H has no direct coupling to top quark. Such a
coupling is induced proportional to the Higgs mixing angle sin(α − β), which is strongly constrained from the
properties of h. In our case, H has direct coupling to the top quark.
The viability of a scenarios where the sign of the b-quark coupling to h is opposite to that of the Standard
Model (SM), while other couplings are close to their SM value, has been studied in Ref. [803] in the context of
type-I and type-II 2HDM. Our analysis here includes such effects, as we allow both signs for Y˜b. Using scans
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over the full parameter space, subject to basic theoretical and experimental constraints as described previously,
we found that a sign change in the down-quark Yukawa couplings can be accommodated in the context of the
current LHC data set at 95% C.L. as shown in the benchmark points of Table 12.5. We have shown that such
a scenario is consistent with all LHC observations.
12.5.5 Pseudoscalar Higgs phenomenology
Figure 12.10: Representative leading order Feynman diagrams for pseudoscalar A production in association
with b quarks and simulataneous decay to Z and h boson. The diagrams that can be obtained by crossing the
initial state gluons, or radiating the Higgs off an antibottom quark are not shown.
Now we turn to the production and decay of the heavy pseudoscalar-A in the context of the LHC experiments.
The most promising signal is the tree-level decay of A into di-boson pairs (Zh,ZH). Although, the decay mode
A→ Zh arises due to the mixing (sin(α− β)) between heavy Higgs H and SM Higgs h, this leads to a smoking
gun signal of the 2HDM in the channel pp → A → Zh → l+l−bb¯. The pseudoscalar-A has loop induced
coupling to a pair of gluons due to its tt¯A coupling at tree level. It will be then dominantly produced via
gluon gluon fusion at the LHC. On the other hand, for sufficiently large bottom Yukawa coupling, Y˜b ∼ 0.1,
another promising mode is the production of A in association with two bottom quarks. Representative leading
order Feynman diagrams for pseudoscalar A production in association with b quarks and subsequent decay
to Zh is shown in Fig. 12.10. After being produced at the LHC, it will dominantly decay to Zh,ZH, tt¯, bb¯.
The unique signals at the LHC will be resonant production of pseudoscalar A and its subsequent decay to
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SM Higgs in association with Z boson (pp → A → Zh) and di-Higgs production in association with Z boson
pp→ A→ ZH → Zhh. If the mass splitting between H and A is kept small, for large mixing, A→ Zh will be
the most promising mode and we will focus on this scenario from here on. In Fig. 12.11, branching ratios of A
to different decay modes are shown.
Figure 12.11: Branching ratios A decaying into various modes as a function of sin(α− β) for MA = 500 GeV.
The Higgs boson production in association with a Z boson has drawn a lot of attentions as it is the channel
to probe the ZZh coupling in the SM, and therefore, tests the electroweak symmetry breaking mechanism. In
the SM, the hZ production rate at the 13 TeV LHC is 869 fb. In the 2HDM, Zh production cross-section
can significantly deviate from the SM value. Within the 2HDM, extra contributions to Zh production arises
from the decay of A after being resonantly produced via gluon gluon fusion process. Hence the signal strength
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µZh relative to the SM expectation can deviate and can be as large as the current experimental limit [748],
large mixing sin (α− β) is allowed within our framework. Contourplost of µZh and µhh in µtt¯h-MH plane are
shown in Fig. 12.12. For simplicity, we consider the case of degenerate H and A. The white dashed line
indicates the different values of µZh. As we can see, there is strong correlation between µhh, µtt¯h and µZh.
Black, pink and cyan colored meshed zones are excluded parameter space from current di-Higgs limit looking
at different final states bb¯γγ, bb¯bb¯ and bb¯τ+τ− respectively; red,blue and brown meshed zones are the excluded
parameter space from the resonant ZZ, W+W− and Zh production constraints. Here we also impose the
constraint from pp → A → Zh searches [748] at the LHC and the brown meshed zone is the exclusion region
from that. We have used a typical set of parameters (sin(α − β) = 0.5, Y˜b = −0.09, Y˜τ = 10−3) for top left;
(sin(α − β) = 0.3, Y˜b = −0.09, Y˜τ = 10−3) for top right; (sin(α − β) = 0.4, Y˜b = 0.02, Y˜τ = 10−3) for bottom
left and (sin(α− β) = −0.2, Y˜b = 0.04, Y˜τ = 10−3) for bottom right. For better illustration, we concentrate on
one of the figures (top left). Here we see that if MH = MA = 500 GeV, we can get simultaneous enhancement
in tt¯h, hh and Zh channels (µta¯th = 1.7, µhh = 10 and µZh = 1.5). If any of these above mentioned modes is
discovered at the LHC, our framework would indicate a correlated enhancement on the other signals, which can
be tested at the LHC.
Recently, ATLAS collaboration reported a small excess of 440 GeV resonance while searching [748] for a
heavy, CP-odd Higgs boson decaying into a Z boson and a CP-even Higgs boson h with a mass of 125 GeV at
a centre-of-mass energy of 13 TeV corresponding to an integrated luminosity of 36 fb−1. The local significance
of this excess is estimated to be 3.6σ and the global significance is 2.4σ. The statistical significance is larger
in case the pseudoscalar A is produced through bottom-quark annihilation rather than gluon fusion, but both
production processes indicate a deviation. In Fig. 12.10, we show the representative leading order Feynman
diagrams for pseudoscalar A production in association with b quarks and subsequent decay to Zh. The diagrams
that can be obtained by crossing the initial state gluons, or radiating the Higgs off an antibottom quark are
not shown. To explain this excess two ingredients are needed: (a) one bottom quark Yukawa coupling (bb¯A)
and (b) AZh coupling which can occur through mixing. In Fig. 12.13, we show the parameter space in bottom
Yukawa (Y˜b) and Br (A→ Zh) plane consistent with a 440 GeV excess. The blue and green regions correspond
to the 1σ and 2σ bands on the observed limit. If any model can reproduce this parameter space consistent
with the other experimental data, one can explain the excess. The statistical significance of this excess is
too low to indicate anything meaningful. Since in our 2HDM framework we can have large mixing and hence
larger A → Zh production rate, we can have significant production rate of the pseudoscalar A in association
with bottom quarks and subsequent decay to Zh. We compute the production cross section for the process
pp→ bb¯A→ bb¯Zh and subsequent decay of h to bottom quarks. The cross-section in bottom Yukawa (Y˜b) and
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Figure 12.12: Contour plot of µZh and µhh in µtt¯h-MH plane. The scaling of µhh is shown on right side of the
each figure, whereas the boxed numbers for the dashed contours indicate different values of µZh. Black, pink
and cyan colored meshed zones are excluded parameter space from current di-Higgs limit looking at different
final states bb¯γγ, bb¯bb¯ and bb¯τ+τ− respectively; red, blue and brown meshed zone is the excluded parameter
space from the resonant ZZ, W+W− and Zh production constraints. We have used a typical set of parameters
(sin(α − β) = 0.5, Y˜b = −0.09, Y˜τ = 10−3) for top left; (sin(α − β) = 0.3, Y˜b = −0.09, Y˜τ = 10−3) for top right;
(sin(α − β) = 0.4, Y˜b = 0.02, Y˜τ = 10−3) for bottom left and (sin(α − β) = −0.2, Y˜b = 0.04, Y˜τ = 10−3) for
bottom right.
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Figure 12.13: The parameter space in bottom Yukawa (Y˜b) and Br (A→ Zh) plane consistent with 440 GeV
excess. The blue and green regions correspond to the 1σ and 2σ bands on the observed limit.
mixing(sin(α−β)) plane for is shown in Fig. 12.14 for different values of top Yukawa Y˜t = 0(top left), -0.3 (top
right) and 0.5(bottom). The colored region is excluded from SM Higgs properties. As we can see from Fig.
12.14, we get maximum enhancement in the production rate either for the wrong sign of bottom Yukawa or a
negative sign of mixing sin (α− β) term. While we are setting same sign large bottom Yukawa(Y˜b) to get the
larger production rate, it modifies SM hbb¯ coupling due to the presence of non-zero mixing. On the other hand,
if we start with either wrong sign bottom Yukawa(Y˜b) or negative sign mixing sin (α− β), the deviation factor
κb will be close to one with different sign without effecting SM Higgs properties. The thin white bands with
cross-section 0.1-0.3 pb above the SM background in the second and the fourth quadrants can simultaneously
explain the observed excess.
12.5.6 Other collider implications for heavy Higgs searches
For completeness, we discuss the prospects for charged Higgs boson and other pseudoscalar searches at the LHC
within the 2HDM. LHC experiments have already set very strong bounds on the singly charged Higgs mass in
the low mass region MH+ < mt for the pp→ H+t¯b process, assuming the decay H+ → τ+ν [751,763–765]. To
be consistent with the current experimental constraints, we consider the singly charged Higgs mass well above
300 GeV. However, the smallness of T parameter does not allow for a large mass splitting between H+, H and
A. A variety of production mechanism is involved in singly charged Higgs production. It can be pair produced
at the LHC via gluon gluon fusion through the Higgs portal, via quark fusion through s channel Z or γ exchange
and also via photon initiated processes [804]. H+ can also be produced in association with fermions via gluon
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Figure 12.14: Cross-section in bottom Yukawa coupling Y˜b and mixing angle sin(α−β) plane for pseudoscalar
A production in association with b quarks and subsequent decay to Zh. The colored region is excluded from
SM Higgs properties. We set top Yukawa Y˜t = 0 (top left), −0.3 (top right) and 0.5 (bottom).
gluon fusion. There is another production mode of H+ in association with the SM Higgs h via s-channel W
boson exchange. The significant decay modes of H+ are H+ → τ+ν, H+ → tb¯, H+ → W+h in the higher
mass region. We choose mass splitting such that H+ →W+H, H+ →W+A are not kinematically allowed. In
this scenario, it mostly decays to tb¯ since H+ → W+h is suppressed partially by the mixing angle sin(α − β).
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The detailed phenomenology of charged Higgs is beyond the scope of this study. We will give some naive
estimates of cross-sections and required luminosity to discover it at the LHC for the three sample points shown
in Table 12.5. For simplicity, we choose MH+ = MA = 505, 705 and 605 GeV for the the three sample points
(BP1,BP2 and BP3) respectively. Pair production cross-section of H± corresponds to 1.35 fb, 0.5 fb and 0.48 fb
respectively. This signal strength is too small, while the H+ → tb¯ channel suffers from high QCD background.
The tau channel benefits from being rather clean compared to the other channels. hH+ production will give
rise to tb¯h signals. The production rate of hH+ gets a suppression due to mixing. For the three sample points,
the estimated hH+ production cross-sections are 0.628 fb, 0.211 fb and 0.049 fb respectively. We consider also
the signal pp → H+t¯b → t¯bτ+ν. For this process, the total cross-section is 0.043 fb, 0.013 fb and 0.016 fb
respectively for the three BP. After naive estimation of the background, we get that we need atleast ∼ ab−1
luminosity at the upcoming run of the LHC for the discovery of H±.
Similar to H the pseudoscalar A is also produced resonantly via gluon-gluon fusion through the triangle
loop with the top quark since A directly couples to t. After being produced resonantly, it mainly decays to tt¯
and bb¯. These channels are very challenging from the point of background elimination. Due to mixing, it also
decays to Zh. We restrict ourselves such that A is not kinematically allowed to decay to W+H− by keeping
the mass splitting between A and H very small (∼ 5GeV ). The detailed LHC phenomenology of A and H is
beyond of the scope of this study and will be presented in our future work.
bb¯h coupling is also modified in the 2HDM framework. bb¯h production rate will change compared to the SM.
On the other hand, as bb¯h coupling plays the most significant role in SM Higgs branching ratio to different decay
modes, large deviation from SM bb¯h coupling is not possible as it could highly constrain the parameter space. For
three of the benchmark points used in Table 12.5, the signal strength for bb¯h production is µbb¯h = 1.002, 1.11
and 0.819 respectively. Similar to tt¯h and bb¯h production, there will be also tt¯H and bb¯H production in
this model. For three of the benchmark points, the tt¯H production rate at the 13 TeV LHC is 2.26 fb,
2.05 fb and 4.13 fb respectively. bb¯H production will give a unique signature of six b-quarks via the process
pp → bb¯H → bb¯hh → bb¯bb¯bb¯. The production cross section for bb¯H at the 13 TeV LHC turns out to be 0.897
fb, 0.140 fb and 0.0478 fb respectively for three of the sample points. This is too small to probe at the 13 TeV
LHC for the current luminosity. It requires very high luminosity (∼ ab−1) to get the discovery reach limit via
these channels.
After being resonantly produced via gluon fusion at the LHC, the heavy Higgs boson H can decay via lepton
flavor violating processes such as H → µτ [805, 806], which is a very clean signal at the LHC. But, due to the
small Yukawa coupling (∼ mµ/v), the branching fraction for H → µτ process is highly suppressed. For a
benchmark point (MH = 500 GeV, Y˜t = −0.3, Y˜b = −0.2, Y˜τ = 10−3, sin (α− β) = 0.3), the branching ratio
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for H → µτ process is computed to be 10−7. Since the branching ratio is highly suppressed, even if for O(∼ pb)
resonant production rate of heavy Higgs H, it requires very high luminosity (∼ ab−1) to observe a single event.
This is too small to probe at the 13 TeV LHC for the current luminosity.
Figure 12.15: Top: T parameter as a function of sin(α − β) for different masses of the (degenerate) heavy
Higgs bosons. Bottom: S parameter as a function of sin(α− β) for different masses of the heavy Higgs.
12.6 Electroweak precision constraints, boundedness and unitarity
The oblique parameters S, T and U provide important constrains from electroweak precisiton data on many
models beyond the SM. These parameters have been calculated at the one loop in the two Higgs doublet
model [807–809]. We focus on the scenario where wH,A and H+ are nearly degenerate in mass. The condition
for the degeneracy is Λ4 = Λ5 = (mh/v)2 − Λ1. With this assumption, we scan for the predicted values of
S and T as a function of the mixing angle sin(α − β). Our results are shown in Fig. 13.4. We see that the
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constraints from S and T parameters [751] allow large parameter space of interest in the 2HDM which can lead
to observable signals at the LHC.
To ensure the existence of a stable vacuum, the 2HDM scalar potential must be bounded from below, i.e.
it must take positive values for any direction for which the the value of any field tends to infinity. This places
some restrictions on the allowed values of the quartic scalar couplings. We require Λ6 < 3.5 in order to avoid
non-perturvative regimes. Note that Λ6 term is related to MH and sin(α − β) via Eq. (12.2.25). As a result,
for larger mixing (sin(α− β) ∼ 0.5), we can go upto a mass of ∼ 700 GeV for the mass of the heavy Higgs H,
whereas for smaller mixing (sin(α− β) ∼ 0.1), MH can be as large as ∼ 1.5 TeV.
We have also checked all the boundedness conditions [810]. To ensure that the scalar potential is bounded
from below, we evaluate the eigenvalues and eigenvectors of the following matrix:
1
4 (Λ1 + Λ2 + 2Λ3) − 12 (Λ6 + Λ7) 0 − 14 (Λ1 − Λ2)
1
2 (Λ6 + Λ7) − 12 (Λ4 + Λ5) 0 − 12 (Λ6 − Λ7)
0 0 − 12 (Λ4 − Λ5) 0
1
4 (Λ1 − Λ2) − 12 (Λ6 − Λ7) 0 − 14 (Λ1 + Λ2 + 2Λ3)

where we choose all the quartic couplings to be real. Here we present one set of values of the quartic couplings:
Λ1 = 1.4,Λ2 = 0.01,Λ3 = 1,Λ4 = 0.1,Λ5 = 0.001,Λ6 = 3 and Λ7 = −1.2. For this set, we found all the
eigenvalues of the matrix to be {2.0527,−1.75315,
0.649943,−0.0495} . This satisfies the boundedness conditons. For this specific choice, we obtain the three
mass eigenvalues for the neutral scalar masses to be { 125 GeV, 751 GeV, 706 GeV } from Eq. (12.2.19) and the
mixing angle sin(α − β = 0.458. The unitarity bounds in the most general two Higgs doublet model without
any discrete Z2 symmetry has been studied here Ref. [811]. Our choice of parameters are consistent with these
unitarity constraints.
12.7 Conclusion
In this paper we have undertaken a detailed analysis of the collider implications of the two Higgs doublet model.
In our framework, both doublets are treated on equal footing, which implies that they have Yukawa couplings
with fermions with comparable strengths. Such a scenario would have Higgs mediated flavor changing neutral
currents, which can potentially be excessive. It is customary to assume a discrete symmetry to forbid such
FCNC. Here we have proposed a simple ansatz for the Yukawa couplings of each of the Higgs doublets that
is consistent with the observed CKM mixing angles and also compatible with FCNC constraints. Our ansatz,
where the Yukawa couplings are taken to have a form Y (a)ij =
√
2C
(a)
ij min{mi, mj}/v, with Cij being order one
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coefficients and mi being the mass of fermion i, is an improvement over the Cheng-Sher (CS) ansatz [737] which
assumes Y (a)ij =
√
2C
(a)
ij
√
mimj/v.
We have studied the flavor phenomenology of the new ansatz and shown that all Higgs mediated FCNC are
within acceptable limits. We have also compared the FCNC constraints with those from the CS ansatz, and
found that the modified ansatz fares much better.
We have studied the collider implications of the 2HDM framework with both Higgs doublets coupling to
fermions. The LHC phenomenology is sensitive mostly to the couplings of the top and bottom quarks and the
tau lepton. Taking these couplings to be comparable for the two doublets, we have shown that resonant di-higgs
boson production rate can be enhanced by a factor of 25 compared to the SM. Such a large deviation is possible,
as the properties of the 125 GeV Higgs boson h can be within experimentally allowed range with large Yukawa
couplings of the t and b quarks to both doublets.
We have studied the correlations between an enhanced di-higgs cross section with tth and Zh production
rates. These rates can also be modified by as much as 100% compared to the SM, with such modifications
inter-correlated. Possible signals of a resonant structure in the Zh production can be explained consistently in
terms of a pseudoscalar A within this framework. Thus, the 2HDM offers a variety of tests at the LHC.
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LCHAPTER XIII
PROBING DOUBLY CHARGED HIGGS BOSONS AT THE LHC THROUGH PHOTON 
INITIATED PROCESSES
13.1 Introduction
Recently the ATLAS [812,813] and CMS [814] collaborations have published results on their searches for doubly 
charged scalar boson decaying into same sign dileptons. From the non-observation of any excess compared 
to the standard model (SM) background, 95% confidence l e vel ( C L) u p per l i mit o n  t h e c r oss-section a n d a 
corresponding lower limit on the mass of the doubly charged scalar boson has been obtained. The ATLAS 
collaboration finds a  l ower l imit o f  5 51 G eV o n  t he m ass o f  ∆ ± ± a r ising f rom S  U (2)L t r iplet, a s suming 100%
branching ratio into e±e±, with 20.3 fb−1 data collected at
√
s = 8 TeV [812]. The CMS collaboration has
quoted an upper limit on the pair production cross section which corresponds to a limit of 382 GeV on the mass
of such a ∆±±L obtained with 4.9fb
−1 data collected at
√
s = 7 TeV [814]. The ATLAS collaboration has also
released its preliminary results obtained with 13.9 fb−1 data at
√
s = 13 TeV and quotes an improved lower
limit of 570 GeV on the mass of ∆±±L decaying into e
±e± [815]. These limits have been derived by assuming
the pair production of ∆±±L ∆
∓∓
L occurs via the Drell-Yan (DY) process (shown in Fig. 13.1). The purpose of
this paper is to show the significance of the photo-production process shown in Fig. 13.2, which we find to be
comparable to the DY process at LHC energies. We show that by including these photon-initiated processes,
the limits on the doubly charged scalar boson can be improved by about 175 GeV, compared to the results
quoted by the ATLAS experiment [815].
The pair production cross section of ∆±± at the LHC strongly depends on the parton luminosities of the
proton described by the respective parton distribution functions (PDF). Because of the need for precision
phenomenology at the LHC, the PDF of the proton is currently determined using next-to-next-to leading order
(NNLO) QCD. At this level of precision, the QED contribution also becomes important. This in particular
requires the inclusion of the photon as a parton inside the proton, with an associated distribution function. The
NNPDF [816,817], MRST [818] and CTEQ [819] collaborations have used different approaches for modeling the
photon PDF for the proton. In our analysis we have adopted the NNPDF approach to describe the photon PDF,
which includes the inelastic, semi-elastic and elastic processes (see Fig. 13.2), and uses as input the LHC data
368
on Drell-Yan processes. But we have checked that the results are relatively stable when the MRST distribution
is used instead.
The photon PDF of the proton at LHC energies was studied in Ref. [820] for the pair production of charged
scalars at the LHC, modeling the PDF theoretically. This was extended to the study of doubly charged scalars
at the LHC arising from SU(2)L triplet in Ref. [821] which found that the photon fusion process contributed
only a fraction ∼ 10% of the DY process. There is better understanding of the photon PDF of the proton
currently, which is less dependent on theoretical modeling. For a discussion on the theoretical understanding
and experimental uncertainties in the PDF extracted from ep scattering data see Ref. [822,823]. As a result, we
find that the photon fusion process can be as important as the DY process, which enables us to derive improved
limits on the doubly charged scalar mass. It should be noted that the photon PDF of the proton has been
used in several papers attempting to explain the apparent excess in diphoton invariant mass at 750 GeV (which
eventually became statistically insignificant) [824]. We have checked that our treatment of the photon PDF of
the proton indeed reproduces the results of Ref. [824].
Doubly charge scalar bosons appear in several extensions of the SM. Type-II sessaw models [825] introduce
an SU(2)L triplet scalar ∆L(1, 3, 1) = (∆++L , ∆
+
L , ∆
0
L), where a tiny vacuum expectation value (VEV) of
the neutral component ∆0L (v∆L) generates small neutrino masses. In left-right symmetric models [826] an
SU(2)R triplet ∆R = (∆++R , ∆
+
R, ∆
0
R) as well as its parity partner, an SU(2)L triplet ∆L, are introduced.
The neutral component ∆0R acquires a VEV breaking the SU(2)R gauge symmetry spontaneously and also
generating large Majorana masses for the right-handed neutrinos. The ∆++R is a physical field, which is a
singlet of SU(2)L, while the SU(2)L triplet ∆L contains a doubly charged scalar ∆±±L . In supersymmetric
versions of left-right models [827], such doubly charged scalars from ∆R survive down to the SUSY breaking
scale even when the left-right symmetry is broken at a much higher energy. Doubly charged scalars also appear
in models of radiative neutrino mass models [828], in little Higgs models [829], as well as in other extensions
of the SM [830, 831]. Collider studies of doubly charged Higgs have been carried out in the context of type-II
seesaw models [821, 832, 833], radiative neutrino mass models [834], left-right symmetric models [835], little
Higgs models [836], and other models [837]. Our main focus in this paper will be ∆±±L arising from an SU(2)L
triplet and ∆±±R which is an SU(2)L singlet. These two fields can have direct Yukawa couplings with the leptons
(∆++L `
−
L `
−
L involving left-handed leptons and ∆
++
R `
−
R`
−
R involving right-handed leptons) and thus are natural
candidates for same sign dilepton signatures at the LHC. We shall also comment briefly on ∆±± arising from
other SU(2)L representations. In this case, however, there must exist additional vector-like leptons to enable
couplings with the charged leptons via mixing.
This paper is organized as follows. In Sec. 13.2, we discuss the production and decay modes of ∆±±. In
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Sec. 13.3 we present our analysis methods and the results. Here we derive improved lower limits on the mass
of ∆±±L,R and elucidate the discovery reach for a higher luminosity LHC run by including the photon-initiated
processes. In Sec. 13.4 we analyze the limits when ∆±± originates from scalar multiplets other than triplet and
singlet of SU(2)L. Finally we conclude in Sec. 13.5.
13.2 Production and Decay of Doubly Charged Higgs Boson
Figure 13.1: Feynman diagram for the pair production of ∆±± (pp → ∆±±∆∓∓X) via Drell-Yan process,
with subsequent decays of ∆±± into same-sign dileptons.
Figure 13.2: Feynman diagrams for the pair production of ∆±± (pp→ ∆±±∆∓∓X) via photon-photon fusion,
with subsequent decays of ∆±± into same-sign dileptons. Left segment: elastic; middle segment: semi-elastic;
and right segment: inelastic scattering sub-processes.
Doubly-charged Higgs bosons can be pair produced at the LHC via the Drell-Yan (DY) process (s-channel
photon and Z boson exchange), which is shown in Fig. 13.1. They can also be produced by the photon
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fusion process shown in Fig. 13.2. The ATLAS and CMS collaborations have only kept the DY process in
their analyses of doubly charged Higgs boson searches. As we shall show, the photon fusion process is equally
important, and can lead to more stringent limits on the mass of ∆±± than the ones quoted by the ATLAS and
CMS experiments.
Single production of ∆++ in association with a W boson can occur in the Higgs triplet model; however,
this production rate is suppressed by a factor (v2∆L/m
2
W ), where v∆L is the small VEV of ∆
0
L that generates
neutrino masses. The VEV v∆L is constrained by electroweak T parameter: v∆L ≤ 3 GeV, and as a result
this process is highly suppressed. Production of ∆++ in association with ∆− can occur unsuppressed via the
process ud→W+∗ → ∆++∆−. However, the signatures of ∆− are not very clean, as it decays into final states
involving neutrinos. Thus we focus on the pair production of ∆++∆−−, which would leave clean same sign
dilepton signatures in the final state.
The photon fusion channel gets contribution from elastic scattering (where both protons remain intact
after the radiation of photons), semi-elastic scattering (where one of the photons is radiated from the proton,
while the other is radiated from the quark parton producing spectator quarks on one side) as well as inelastic
scattering (where the two photons are radiated from quark partons of the protons producing spectator quarks
on both sides) as shown in Fig. 13.2. The relative contributions of these three processes to the cross section are
found to be 4%, 33% and 63% respectively. We also include the pair production rate through W boson-fusion
and Z boson-fusion, but these channels have negligible contributions compared to the photon fusion and DY
production channels. The total cross-section from photon photon fusion process (p(γ)p(γ) → ∆±±∆∓∓) can
be written as [820,821]:
σγγ = σelastic + σinelastic + σsemi−elastic (13.2.1)
σelastic =
∫ 1
τ
dz1
∫ 1
τ/z1
dz2fγ/p(z1)fγ/p′(z2)σˆγγ(sˆ = z1z2s) (13.2.2)
σsemi−elastic =
∫ 1
τ
dx1
∫ 1
τ/x1
dz1
∫ 1
τ/(x1z1)
dz2
1
x1
F p2 (x1, Q
2)
fγ/q(z1)fγ/p′(z2)σˆγγ(x1z1z2s) (13.2.3)
σinelastic =
∫ 1
τ
dx1
∫ 1
τ/x1
dx2
∫ 1
τ/(x1x2)
dz1
∫ 1
τ/(x1x2z1)
dz2
1
x1
F p2 (x1, Q
2)
1
x2
F p2 (x2, Q
2)fγ/q(z1)fγ/q′(z2)σˆγγ(x1x2z1z2s) (13.2.4)
where fγ/p is the photon density inside the proton, fγ/q is the photon spectrum inside a quark and F
p
2 is the
deep-inelastic proton structure function.
For a doubly charged scalar arising from an arbitrary SU(2)L multiplet with hypercharge Y , the trilinear
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and quartic gauge interactions relevant for the calculation of the pair production can be written as:
Lkin =
{
i
[
2eAµ +
g
cW
(
2− Y − 2s2W
)
Zµ
]
∆++
(
∂µ∆−−
)
+
[
2eAµ +
g
cW
(
2− Y − 2s2W
)
Zµ
]
×
[
2eAµ +
g
cW
(
2− Y − 2s2W
)
Zµ
]
∆++∆−−
}
,
(13.2.5)
where cw = cos θW , sw = sin θW , θW being the weak mixing angle, and we have used Q = T3 + Y and set
Q = +2 for the electric charge of ∆++. In type-II seesaw models [825], with an SU(2)L triplet ∆L, Y = +1,
while in the left-right symmetric model [826] there is also an accompanying ∆++R with Y = +2. The doubly
charged Higgs boson in radiative neutrino mass models [828] is analogous to ∆++R with Y = +2.
Figure 13.3: Contour plot for the branching ratio Br
(
∆±±L → l±l±
)
in v∆L-M∆±±L plane in the type-II see-
saw model. Branching ratio scale is shown on the right side of the figure. Red shaded zone corresponds to
Br
(
∆±±L → l±l±
)
= 100%.
The doubly charged scalar ∆±±L arising from an SU(2)L triplet has two primary decays: ∆
±±
L → `±i `±j and
∆±±L →W±W±. The widths for these two body decays are given by [833]:
Γ
(
∆±±L → l±i l±j
)
=
|M ijν |2
8pi(1 + δij)v2∆L
M∆±±L
, (13.2.6)
Γ
(
∆±±L →W±W±
)
=
g4v2∆L
8piM∆±±L
√√√√1− 4M2W
M2
∆±±L
2 +(M2∆±±L
2M2W
− 1
)2 , (13.2.7)
where M ijν is the (ij) element of the neutrino mass matrix, δij is the Kronecker delta function and l
±
i =
e±, µ±, τ±. From these rates it is clear that the branching ratio for ∆±±L decaying into same sign dileptons
depends crucially on the triplet VEV v∆L . Taking M ijν to be of order 0.2 eV, for the mass range M∆±±L =
(200 − 1000) GeV, the requirement for the dilepton branching ratio to be dominant is v∆L ≤ 10−4 GeV. We
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shall adopt this constraint, as the decay ∆±±L → W±W± is much harder to analyze experimentally owing to
large SM background. A dedicated search for doubly charged Higgs bosons decaying into same sign W boson
has not been performed by the ATLAS and CMS collaborations.
It should be noted that ∆±±L can also have a cascade decay as ∆
±±
L → ∆±LW±∗ → ∆0LW±∗W±∗ with the ∆0L
decaying into neutrinos, provided that the mass of ∆±±L is larger than that of ∆
±
L . The mass splitting between
∆±L and ∆
±±
L is given by M
2
∆±L
−M2
∆±±L
= (β/4)v2, where β is a quartic coupling in the Higgs potential [833]
and v = 174 GeV is the electroweak VEV. For perturbative values of the coupling β, the splittingM∆±L −M∆±±L
is only a few tens of GeV. We shall assume that β > 0, so that the cascade decay does not proceed. If β were
negative, even if the decay ∆±±L → ∆±LW± is not kinematically allowed for real W±, the decay ∆±±L → ∆±Lpi±
will be allowed where a virtual W± boson creates the pion. Such processes, with nearly degenerate ∆±±L and
∆±L , will be much more challenging to probe experimentally.
We have shown in Fig. 13.3 the parameter space of the type-II seesaw model where the same sign dilepton
decays of ∆±± becomes dominant in the v∆L −M∆±±L plane. Here the red shaded region corresponds to nearly
100% branching ratio into dileptons, and will be the region of interest in our analysis. This region corresponds
to the choice of v∆L ≤ 10−4 GeV and β > 0 to avoid the cascade decays.
In the case of ∆±±R , which is an SU(2)L singlet field, the decay ∆
±±
R → W±W± does not occur. The
∆±±R may be accompanied by a ∆
±
R field, as in the radiative neutrino mass model [828]. (Left-right symmetric
models also have such ∆±R fields, however, this field is part of the Goldstone multiplet associated with the
SU(2)R symmetry breaking.) In this case, the decay ∆±±R → ∆±R∆±R may occur. The signature of such decays
would have large SM background, as a result of the neutrino final states arising from the decay of ∆±R. In our
analysis we assume that the decay ∆±±R → ∆±R∆±R is not kinematically allowed, so that the dominant decay of
∆±±R is into same sign dileptons.
13.3 Analysis and Results
The ATLAS and CMS collaborations have performed dedicated searches for a doubly charged Higgs boson
decaying into same sign dileptons in pp collisions [812–815,838]. Lower limits on the mass of the doubly charged
scalar have been derived, assuming that the pair production cross section is dominated by the Drell-Yan process.
Here we present our results showing the significance of the photon initiated processes, which were ignored in
the experimental analyses, and derive improved limits on the mass of ∆±±. We also discuss the uncertainties
involved in the photon PDF, and project the discovery reach of the LHC for these particles.
For our calculations we implement the minimal left right symmetric model (MLRSM)1 in CalcHEP package
1This is for our convenience, but we could as well implement other models such as the type-II seesaw model. Although there
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Figure 13.4: Left: The ratio of σγγ and leading order σDY for doubly charged Higgs pair production at
the LHC for different energies using NNPDF parton distribution functions and assuming ∆±± belongs to an
SU(2)L triplet. Right: Comparison of DY and photon fusion production cross section for ∆±±L at 13 TeV LHC
using NNPDF parton distribution functions (red lines) and MRST PDF (blue lines). Dashed line is for DY pair
production cross section, whereas solid lines are for pair production cross section via photon fusion.
[839] and we use parton distribution function (PDF) NNPDF23_lo_as_0130_qed [816,817], where the photon
PDF1 of the proton is inclusive. We calculate the pair production cross-section of ∆±± including both the DY
and photon fusion processes. The lower limit on the doubly charged Higgs boson pair production cross-section
is derived from the experimental analyses [812, 814, 815] using σ× BR= Nrec/(2 × A ×  ×
∫
Ldt), where σ is
the pair production cross-section of the doubly charged Higgs ∆±±, BR is the branching ratio of ∆±± decaying
into same-sign dileptons, Nrec is the number of reconstructed doubly charged Higgs boson candidates, A×  is
the acceptance times efficiency of the cuts for the respective analyses [812–815, 838] and the factor 2 accounts
for the two same-sign lepton pairs from the two doubly charged Higgs bosons ∆++ and ∆−−. We use the
following acceptance criteria: (a) pT (l) > 15 GeV, (b) | η(l) |< 2.5 and (c) a veto on any opposite sign dilepton
pair invariant mass being close to the Z boson mass: | M(l+l−) −MZ |> 15 GeV. The cross-sections and cut
efficiencies are estimated by using the CalcHEP package [839].
will be other channels giving four lepton signals mediated by Z′ boson and other heavy neutral Higgs in MLRSM, they are highly
suppressed compared to the channel shown in Fig. 13.1 due to heavy masses of these mediators. The uncertainty due to the
presence of these channels in the pair production of ∆±±L is no more than 1%.
1We can also use MRST2004qed_proton [818]or CT14_qedinc [819] where the photon PDF in the proton is inclusive, with
the inelastic and elastic contributions included. Results with MRST2004qed_proton [818] for the pair production cross section is
shown in Fig. 13.4.
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We first consider only the DY pair production process, and reproduce the plots shown in the experimental
analyses [812, 814, 815] of the ATLAS and CMS collaborations reasonably well. The QCD correction to this
process has been also computed, yielding a next to leading order (NLO) K-factor of about 1.25 at the LHC
energy for the mass range between 200 GeV and 1 TeV [815]. The ratio of the two photon contribution relative
to the Drell-Yan channel for different LHC energies is shown in Fig. 13.4, which clearly shows that the photon
fusion process is significant, especially for the higher mass region of ∆±±. In the right panel of Fig. 13.4 we
have plotted the pair production cross section with only the DY process included, as well as with only the the
photon fusion process included. Here we show the results for two choices of the PDF, the NNPDF (red lines)
and the MRST (blue lines). We see that the differences in photon fusion cross sections are not much, although
it is a bit higher with the use of NNPDF.
The ATLAS collaboration has performed a search [812] for anomalous production of same-sign lepton pairs
(e±e±, e±µ± and µ±µ±) via pair-produced doubly charged Higgs bosons at the LHC using 20.3 fb−1 of data
at
√
s = 8 TeV. In Fig. 13.5, we compare our results with the
√
s = 8 TeV ATLAS results [812]. Upper limits
at 95% C.L. on the cross-section as a function of the like-sign dilepton invariant mass for the production of
same-sign lepton pairs (e±e±, e±µ± and µ±µ±) with a branching ratio 100% are shown in Fig. 13.5. The green
and yellow regions correspond to the 1σ and 2σ bands on the expected limits respectively. For this analysis,
the ATLAS collaboration did not consider photoproduction. As a result, the cross section used is significantly
smaller than the actual cross section. First we calculated the ∆±± pair production cross-section via the DY
process. The brown and blue solid lines if Fig. 13.5 represent the DY pair production cross-section of ∆±±L and
∆±±R respectively at
√
s = 8 TeV. According to our DY pair production results, we obtain lower mass limits,
assuming a 100% branching ratio to same-sign dielectrons, of 372 GeV for ∆±±R and 551 GeV for ∆
±±
L . These
limits are almost identical to the ones quoted by the ATLAS collaborations [812]. For other final leptonic states
our results agree reasonably well with the ATLAS collaboration results. The solid red (purple) lines in Fig.
13.5 indicates the pair production cross-section of ∆±±L (∆
±±
R ) at
√
s = 8 TeV considering both DY and photon
fusion production mechanisms. After adding the contribution from photon fusion process, 95 % CL lower mass
limits of ∆±±L and ∆
±±
R are obtained as 630 GeV and 572 GeV for 100% BR to same-sign dielectrons, providing
more stringent bounds compared to the ATLAS results based on
√
s = 8 TeV data. A summary of the 95% CL
exclusion limits on M∆±±L,R using ATLAS published results at
√
s = 8 TeV with 20.3 fb−1 integrated luminosity
is shown in Table 13.1. Although there are some uncertainties associated with the photon PDF [816–819], our
results change only by about 15 GeV or so by using, for example, the MRST photon PDF.
A similar search for doubly charged Higgs bosons decaying into same sign dielectrons has been performed
using 13.9 fb−1 of
√
s = 13 TeV pp collision data recorded with the ATLAS detector and preliminary results
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Figure 13.5: Upper limits at 95% C.L. on the cross-section as a function of the dilepton invariant mass for the
production of ∆±± decaying into (a) e±e± (top left), (b) e±µ± (top right) and (c) µ±µ± pairs (bottom) with
a branching ratio 100% using ATLAS results at
√
s = 8 TeV with 20.3 fb−1 integrated luminosity. The green
and yellow regions correspond to the 1σ and 2σ bands on the expected limits. Red (Brown) solid line is for pair
production pp → ∆±±L ∆∓∓L via Drell-Yan and photon fusion processes (only DY process). Purple (Blue) solid
line is for pair production pp→ ∆±±R ∆∓∓R via Drell-Yan and photon fusion processes (only DY process).
have been released [815]. We perform a similar analysis using
√
s = 13 TeV ATLAS results [812] and present our
results in Fig. 13.6. In Ref. [815], it is clearly stated that the production of ∆±± was allowed only via the DY
process during signal processing. For pair production of ∆±±, the lower bounds [815] on the ∆±±L (∆
±±
R ) mass
are set 570 and 530 GeV (420 and 380 GeV) in the 100% and 50% branching fraction scenarios for final leptonic
states e±e± by the ATLAS collaborations. Our analysis reproduces these results when only the DY process is
included. From a full analysis including pair production via both DY process and photon fusion process, 95
% CL lower mass limits of ∆±±L and ∆
±±
R are obtained as 748 GeV (554 GeV) and 570 GeV (516 GeV) for
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Benchmark Point ATLAS limit(GeV)
Limits from our analysis (GeV)
(DY) (DY+PF)
∆±±L → e±e± = 100% 551 551 ∼630
∆±±L → e±µ± = 100% 468 470 607
∆±±L → µ±µ± = 100% 516 515 ∼620
∆±±R → e±e± = 100% 374 372 572
∆±±R → e±µ± = 100% 402 402 488
∆±±R → µ±µ± = 100% 438 439 591
Table 13.1: Summary of the 95% CL exclusion limits on M∆±±L,R using ATLAS results at
√
s = 8 TeV with
20.3 fb−1 integrated luminosity. DY: Drell-Yan pair production; PF: photon fusion process.
Figure 13.6: The observed and expected 95% C.L. upper limits of the production cross-section
[
σ(pp →
∆±±L,R∆
∓∓
L,R)
]
as a function of M∆±±L,R using ATLAS results at
√
s = 13 TeV with 13.9 fb−1 integrated luminosity.
(a) Left: The limits derived under the assumption that BR(∆±±L,R → e±e±)= 100%; (b) Right: The limits
derived under the assumption that BR(∆±±L,R → e±e±)= 50%. The green and yellow regions correspond to the 1σ
and 2σ bands on the expected limits respectively. Red (Brown) solid line is for pair production pp→ ∆±±L ∆∓∓L
via Drell-Yan and photon fusion processes (only DY process). Purple (Blue) solid line is for pair production
pp→ ∆±±R ∆∓∓R via Drell-Yan and photon fusion processes (only DY process).
100% (50%) BR to same-sign dielectrons, providing more stringent bounds compared to the preliminary ATLAS
results. Our results are summarized in Table 13.2.
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Benchmark Point ATLAS limit(GeV)
Limits from our analysis (GeV)
(DY) (DY+PF)
∆±±L → e±e± = 100% 570 569 748
∆±±L → e±e± = 50% 530 524 554
∆±±R → e±e± = 100% 420 418 570
∆±±R → e±e± = 50% 380 377 516
Table 13.2: Summary of the 95% CL exclusion limits on M∆±±L,R using ATLAS results at
√
s = 13 TeV with
13.9 fb−1 integrated luminosity. DY: Drell-Yan pair production; PF: photon fusion process.
We have also done a reanalysis of the CMS results [814] at
√
s = 7 TeV with 4.9 fb−1 integrated luminosity.
Here also we find more stringent upper limits on the cross section for ∆±± pair production with the inclusion
of the photon fusion contribution. Although CMS collaboration did not set any bound on ∆±±R mass, we derive
mass limits in both situations – DY only included, and DY plus photon fusion processes included. In Fig. 13.7
we plot the CMS results at
√
s = 7 TeV on the cross section and the invariant mass of ∆±±L,R for various scenarios
as noted in the figure caption for the branching ratios. Our improved bounds are summarized in Table 13.3.
The most stringent lower mass limit of ∆±±L (∆
±±
R ) is found to be 453 GeV (397 GeV) at of 95% CL, with the
assumption that Br(∆±±L,R → µ±µ±)= 100%, providing significantly more stringent constraints than previously
published limits.
Benchmark Point CMS limit(GeV)
Limits from our analysis (GeV)
(DY) (DY+PF)
∆±±L → e±e± = 100% 382 387 452
∆±±L → e±µ± = 100% 391 392 442
∆±±L → µ±µ± = 100% 395 397 453
∆±±R → e±e± = 100% — 329 414
∆±±R → e±µ± = 100% — 336 410
∆±±R → µ±µ± = 100% — 342 420
Table 13.3: Summary of the 95% CL exclusion limits on M∆±±L,R using CMS results at
√
s = 7 TeV with 4.9
fb−1 integrated luminosity. DY: Drell-Yan pair production; PF: photon fusion process.
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Figure 13.7: Upper limits at 95% C.L. on the cross-section as a function of the dilepton invariant mass for the
production of ∆±± decaying into (a) e±e± (top left), (b) e±µ± (top right) and (c) µ±µ± pairs (bottom) with
a branching ratio 100% using CMS results at
√
s = 7 TeV with 4.9 fb−1 integrated luminosity. Red (Brown)
solid line is for pair production pp → ∆±±L ∆∓∓L via Drell-Yan and photon fusion processes (only DY process).
Purple (Blue) solid line is for pair production pp→ ∆±±R ∆∓∓R via Drell-Yan and photon fusion processes (only
DY process).
As noted in Ref. [816], while using NNPDF 2.3QED PDF set, for invariant mass Mll above MZ , corrections
due to PDF uncertainties become sizable, more than a few percent and up to 20% for very mass high values.
Taking the worst case scenario of 20% uncertainty in the PDF, we find that the lower mass limit decreases by
about 18 GeV, which is still much stronger than the limit of 570 GeV derived in reference [815] using 13 TeV
pp collision data recorded with the ATLAS detector with 13.9 fb−1 data. In Fig. 13.8, we show the variation
on the lower mass limit with respect to changing the PDF. Here we have plotted the mass limits using the
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Figure 13.8: 95% CL exclusion limits onM∆±±L, using ATLAS results at
√
s = 13 TeV with 13.9 fb−1 integrated
luminosity. Black solid line: Observed limit; Blue dotted line: Expected limit; Red solid line: Production cross-
section considering both DY and photon fusion processes using parton distribution function NNPDF; Blue
solid line: Production cross-section considering both DY and photon fusion processes using parton distribution
function MRST. The limit is derived under assumption that BR to same-sign dielectrons is 100%.
MRST and the NNPDF distribution functions. We obtain a slightly relaxed lower limit of 729.6 GeV with the
MRST PDF on M∆±±L , which differs from the value of 748 GeV obtained with the NNPDF only by 18 GeV.
We conclude that the lower limits derived by including the photon fusion process is rather stable and reliable
under the change of the PDF.
Now we analyze the discovery reach of ∆±± for higher luminosities at the 13 TeV LHC in the four lepton
signal from the decays of ∆±± → l±l±. After employing the previously mentioned cuts for the events, these
signal events would have almost no SM background. If we reconstruct the invariant mass for same-sign dileptons,
it will give a sharp peak at M∆±± with no SM background. Here we choose BR(∆±± → l±l±) = 100%. The
significance (S/
√
S +B) has been plotted in Fig. 13.9 as a function of M∆±± for near-future LHC luminosities
of 30 fb−1, 50 fb−1 and 100 fb−1. We have found that at 5σ level the M∆±±L (M∆±±R ) can be probed up to 846
GeV (783 GeV) for 100 fb−1 luminosity, 735 GeV (670 GeV) for 50 fb−1 luminosity and 658 GeV (597 GeV) for
30 fb−1 luminosity.
13.4 Doubly Charged Higgs from Different SU(2)L Multiplets
In previous sections, we mainly focused on ∆±± arising from a SU(2)L triplet or a singlet. Such states can have
direct couplings to two leptons. Now we generalize and analyze cases where ∆±± originates from a different
380
Figure 13.9: Left: Significance versus M∆±±L plot assuming BR(∆
±±
L → l±l±) = 100% at 13 TeV LHC for 30
fb−1, 50 fb−1 and 100 fb−1 luminosities. Left part of dashed black line is excluded by the current experimental
limit as derived earlier. Here doubly charged scalar is from an SU(2)L triplet.
Right : Significance versus M∆±±R plot assuming BR(∆
±±
R → l±l±) = 100% at 13 TeV LHC for 30 fb−1, 50
fb−1 and 100 fb−1 luminosities. Left part of dashed black line is excluded by the current experimental limit as
derived earlier. Here the doubly charged scalar is an SU(2)L singlet.
Benchmark Point
M
∆±±
L
[GeV] M
∆±±
R
[GeV]
(3σ limit) (5σ limit) (3σ limit) (5σ limit)
l = 30 fb−1 812 658 750 597
l = 50 fb−1 900 735 838 670
l = 100 fb−1 1020 846 957 783
Table 13.4: Summary of ∆±±L,R mass reach at the 13 TeV LHC. Here l = luminosity.
SU(2)L multiplet. We assume that its decay is dominantly into same sign dileptons. This would require
the existence of vector-like leptons, which can mix with the ordinary leptons and facilitate such decays. For
illustration purposes we restrict ourselves to the cases where the ∆++ has the maximal electric charge in the
multiplet. We allow the following representations under SU(2)L:
• ∆++ in a singlet : φ = ∆++; (T = 0, T3 = 0, Y = 2).
• ∆++ in a doublet : φ = (∆++,∆+); (T = 1/2, T3 = 1/2, Y = 3/2).
• ∆++ in a triplet : φ = (∆++,∆+,∆0); (T = 1, T3 = 1, Y = 1).
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Figure 13.10: The ratio between σγγ and leading order σDY for doubly charged Higgs pair production at the
13 TeV LHC for different choice of SU(2)L multiplets. From top to bottom, ∆±± belongs to singlet (blue),
doublet (purple), triplet (red), quadruplet (green) and quintuplet (gray).
Figure 13.11: 95% CL exclusion limits on M∆±±L, using ATLAS results at
√
s = 13 TeV with 13.9 fb−1
integrated luminosity. Black solid line: Observed limit; Blue dotted line: Expected limit. From top to bottom,
brown, cyan, red, purple and blue solid lines are model predicted cross sections, when ∆±± belongs to quintuplet,
quadruplet, triplet, doublet and singlet respectively. The limit is derived under assumption that BR to same-sign
dielectrons is 100%.
• ∆++ in a quadruplet : φ = (∆++,∆+,∆0,∆′
−
); (T = 3/2, T3 = 3/2, Y = 1/2).
• ∆++ in a quintuplet : φ = (∆++,∆+,∆0,∆−,∆−−); (T = 2, T3 = 2, Y = 0).
Here the electric charge is defined as Q = T3 + Y , where T3 is the third component of isospin and Y is the
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hypercharge, and the relevant gauge interactions are given in Eq. (13.2.5). In Fig. 13.10, we have shown
the ratio between σγγ and leading order σDY for doubly charged Higgs pair production at the 13 TeV LHC
for different choices of the multiplets. From this plot we see that for the higher mass region of ∆±±, photon
photon fusion contribution becomes much more significant compared to the DY process. Due to the different
Z∆±±∆∓∓ couplings for different multiplets (-0.33 for singlet, 0.029 for doublet, 0.388 for triplet, 0.747 for
quadruplet and 1.106 for quintuplet), DY pair production rate increases successively from singlet to quintuplet,
whereas due to the indifferent couplings γ∆±±∆∓∓ and γγ∆±±∆∓∓, the pair production rate via photon
fusion process will remain the same. As a result, the ratio between σγγ and σDY for doubly charged Higgs
pair production at the LHC will decrease from singlet to quintuplet successively, as shown in Fig. 13.10. Now
we derive the lower mass limits for each cases using
√
s = 13TeV ATLAS results [815], which is shown in Fig.
13.11. The mass bounds on ∆±± for different multipets are summarized in Table 13.5 using 13.9 fb−1 of
√
s =
13 TeV ATLAS data at 95% CL, with the assumption that Br(∆±± → e±e±)= 100%.
Multiplet ∆±± Mass Limit [GeV]
Singlet 570
Doublet 577
Triplet 748
Quadruplet 813
Quintuplet ∼ 1100
Table 13.5: Summary of the 95% CL exclusion limits on M∆±± using ATLAS results at
√
s = 13 TeV with
13.9 fb−1 integrated luminosity for different choices of SU(2)L multiplets. These limits are derived under the
assumption that BR to same-sign dielectrons is 100%.
13.5 Summary and Discussions
In this paper we have reinvestigated the pair production of doubly charged scalars at the LHC. Pair-production,
in spite of its relative kinematical suppression, has the advantage of being relatively model independent. We
have found that the photon fusion process, which has been neglected in the experimental analyses thus far,
contributes to the pair production cross section at a level comparable to the Drell-Yan production process. We
focused on the most spectacular four lepton final state originating from the decays of the ∆±± into same sign
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lepton pairs. These channels not only lead to remarkably background-free signatures of the doubly charged
scalars, but they also demonstrate a crucial link between observations at high energy colliders and widely
discussed mechanisms of neutrino mass generation.
By including the photon fusion process in the production cross section, we are able to derive more stringent
lower mass limits on ∆±± than previously quoted. First we reproduced the limits quoted by the ATLAS and
CMS collaborations by only including the DY production sub-process. With the photon fusion process included,
we have derived, from the same data, more stringent limits on the mass of ∆±±. These results are summarized
in Table 13.2, Table 13.1 and Table 13.3, corresponding to data analyzed by the ATLAS collaboration at
√
s = 8 TeV,
√
s = 13 TeV and by the CMS collaboration at
√
s = 7 TeV. These results represent a significant
improvement over previous ATLAS and CMS results. We have analyzed the discovery reach for ∆±±L,R in the
upcoming run at the LHC, which are shown in Table 13.4. We have also shown in Table 13.5 the different mass
limits for ∆±± belonging to different types of SU(2)L multiplets.
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CHAPTER XIV
SUMMARY AND CONCLUSIONS
Even though the SM has been phenomenally successful and in extraordinary agreement with the experimental 
observations, it fails to explain many observed phenomena as described earlier. There are strong theoretical as 
well as experimental indications for the existence of new physics and which is not making it a complete theory 
of Nature all the way up to the Planck scale. The main hurdle for us is to understand what exactly lies beyond 
the SM which could solve all the problems posed by the SM, while being consistent with the existing low-energy 
data, if the SM is indeed just a low-energy effective field t h eory. A  dedicated s tudy i n s earch o f t he new physics 
beyond the SM has been the main thrust of this thesis. Here, in this thesis, various well motivated new models 
have been proposed to resolve some of the shortcoming of the SM. Each model presented in this dissertation, has 
its own distinctive features and diverse phenomenological consequences, which can be experimentally probed. 
The individual chapters of this thesis contain their own unique conclusions, so here we will give a brief overview 
and discuss about the future direction of the field.
The study in the chapter 2 showed that neutrinos may be the harbingers of new dark sectors, since the 
renormalizable neutrino portal allows for their interactions with hidden new physics. We propose here to use 
this fact to connect the generation of neutrino masses to a light dark sector, charged under a new U(1)D 
dark gauge symmetry. We introduce the minimal number of dark fields t o  o b tain a n  a n omaly f r ee theory 
with spontaneous breaking of the dark symmetry, and obtain automatically the inverse seesaw Lagrangian. In
addition, the so-called µ−term of the inverse seesaw is dynamically generated and technically natural in this 
framework. As a bonus, the new light dark gauge boson can provide a possible explanation to the MiniBooNE
anomaly.
Models of radiative Majorana neutrino masses require new scalars and/or fermions to induce lepton number 
violating interactions. In the chapter 3, we show that these new particles also generate observable neutrino 
nonstandard interactions (NSI) with matter. We classify radiative models as type-I or II, with type-I models 
containing at least one Standard Model (SM) particle inside the loop diagram generating neutrino mass, and 
type-II models having no SM particle inside the loop. While type-II radiative models do not generate NSI 
at tree-level, popular models which fall under the type-I category are shown, somewhat surprisingly, to gen-
erate observable NSI at tree-level, while being consistent with direct and indirect constraints from colliders,
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electroweak precision data and charged lepton flavor violation (cLFV). We survey such models where neutrino
masses arise at one, two and three loops. In the prototypical Zee model which generates neutrino masses via
one-loop diagrams involving charged scalars, we find that diagonal NSI can be as large as (8%, 3.8%, 43%)
for (εee, εµµ, εττ ), while off-diagonal NSI can be at most (1.5 × 10−3%, 0.56%, 0.34%) for (εeµ, εeτ , εµτ ). In
radiative neutrino mass models using leptoquarks (LQs), (εµµ, εττ ) can be as large as (21.6%, 51.7%), while
εee and (εeµ, εeτ , εµτ ) can at most be 0.6%. Other two- and three-loop LQ models are found to give NSI of
similar strength. Some of the most stringent constraints on the diagonal NSI are found to come from neutrino
oscillation and scattering experiments, while the off-diagonal NSI are mostly constrained by low-energy cLFV
processes. We also comment on the future sensitivity of these radiative models in long-baseline experiments,
such as DUNE.
In chapter 4, without imposing ad hoc discrete symmetries, we propose minimal realizations of generating
Dirac neutrino masses in the context of a right-handed abelian gauge extension of the Standard Model. Utilizing
only U(1)R symmetry, we address and analyze the possibilities of Dirac neutrino mass generation via (a) tree-
level seesaw and (b) radiative correction at one-loop level. One of the presented radiative models implements the
attractive scotogenic model that links neutrino mass with Dark Matter (DM), where the stability of the DM is
guaranteed from a residual discrete symmetry emerging from U(1)R. Since only the right-handed fermions carry
non-zero charges under the U(1)R, this framework leads to sizable and distinctive Left-Right asymmetry as well
as Forward-Backward asymmetry discriminating from U(1)B−L models and can be tested at the colliders. We
also analyze the current experimental bounds and present the discovery reach limit for the new heavy gauge
boson Z ′ at the LHC and ILC.
In chapter 5, we have proposed a simple extension of the Standard Model (SM) which has a viable dark matter
(DM) candidate, as well as can explain the generation of tiny neutrino masses. The DM is an electroweak (EW)
singlet scalar S, odd under an imposed exact Z2 symmetry, interacting to SM through ‘Higgs-portal’ coupling,
while all other particles are even under Z2. The model also has an EW isospin 3/2 scalar, ∆ and a pair of
EW isospin vector, Σ and Σ¯, responsible for generating tiny neutrino mass via the effective dimension seven
operator. Thanks to the additional interactions with ∆, the scalar singlet DM S survives a large region of
parameter space by relic density constraints from WMAP/PLANCK and direct search bounds from updated
LUX data. Constraints on the model from Large Hadron Collider (LHC) has also been discussed.
In chapter 6, we have presented a novel framework that provides an explanation to the long-standing excess
of electronlike events in the MiniBooNE experiment at Fermilab. We suggest a new dark sector containing a
dark neutrino and a dark gauge boson, both with masses between a few tens and a few hundreds of MeV. Dark
neutrinos are produced via neutrino-nucleus scattering, followed by their decay to the dark gauge boson, which
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in turn gives rise to electronlike events. This mechanism provides an excellent fit to MiniBooNE energy spectra
and angular distributions. This scenario can be tested at the future neutrino experiments.
A certain class of new physics models includes long-lived particles which are singlet under the Standard
Model (SM) gauge group. A displaced vertex is a spectacular signature to probe such particles productions at
the high energy colliders, with a negligible SM background. In chapter 7, in the context of the minimal gauged
B−L extended SM, we consider a pair creation of Majorana right-handed neutrinos (RHNs) at the high energy
colliders through the production of the SM and the B−L Higgs bosons and their subsequent decays into RHNs.
With parameters reproducing the neutrino oscillation data, we show that the RHNs are long-lived and their
displaced vertex signature can be observed at the next generation displaced vertex search experiments, such as
the HL-LHC, the MATHUSLA, the LHeC, and the FCC-eh. We find that the lifetime of the RHNs is controlled
by the lightest light neutrino mass, which leads to a correlation between the displaced vertex search and the
search limit of the future neutrinoless double beta-decay experiments.
The inclusion of heavy neutral leptons (right-handed neutrinos) to the Standard Model (SM) particle content
is one of the best motivated ways to account for the observed neutrino masses and flavor mixing.The modification
of the charged and neutral currents from active-sterile mixing of the neutral leptons can provide novel signatures
which can be tested at the future collider experiments. In chapter 8, we explore the discovery prospect of a
very heavy right handed neutrino to probe such extensions at the future collider experiments like Large Hadron
electron Collider (LHeC) and linear collider. We consider the production of the heavy neutrino via the t and
s-channel processes and its subsequent decays into the semi-leptonic final states. We specifically focus on the
scenario where the gauge boson produced from heavy neutrino decay is highly boosted, leading to a fat-jet. We
study the bounds on the sterile neutrino properties from several past experiments and compare with our results.
In chapter 9, we consider the collider phenomenology of a simple extension of the Standard Model (SM),
which consists of an EW isospin 3/2 scalar, ∆ and a pair of EW isospin 1 vector like fermions, Σ and Σ¯,
responsible for generating tiny neutrino mass via the effective dimension seven operator. This scalar quadruplet
with hypercharge Y = 3 has a plethora of implications at the collider. Its signatures at TeV scale colliders
are expected to be seen, if the quadruplet masses are not too far above the electroweak symmetry breaking
scale. In this article, we study the phenomenology of multi-charged quadruplet scalars, in particular, the multi-
lepton signatures at the LHC arising from the production and decays of triply and doubly charged scalars. In
the context of the Large Hadron Collider (LHC), we studied Drell-Yan (DY) pair production as well as pair
production of the charged scalars via photon-photon fusion. For doubly and triply charged scalars, photon
fusion contributes significantly for large scalar masses. We also studied collider constraints on the masses of
doubly charged scalars in this model. We derive a lower mass limit of 725 GeV on doubly charged quadruplet
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scalar.
In chapter 10, we revisit the dimension-7 neutrino mass generation mechanism based on the addition of an
isospin 3/2 scalar quadruplet and two vector-like iso-triplet leptons to the standard model. We discuss the LHC
phenomenology of the charged scalars of this model, complemented by the electroweak precision and lepton
flavor violation constraints. We pay particular attention to the triply charged and doubly charged components.
We focus on the same-sign-tri-lepton signatures originating from the triply-charged scalars and find a discovery
reach of 600 - 950 GeV at 3 ab−1 of integrated luminosity at the LHC. On the other hand, doubly charged
Higgs has been an object of collider searches for a long time, and we show how the present bounds on its mass
depend on the particle spectrum of the theory. Strong constraint on the model parameter space can arise from
the measured decay rate of the Standard Model Higgs to a pair of photons as well.
No matter what the scale of new physics is, deviations from the Standard Model (SM) for the Higgs observ-
ables will indicate the existence of such a scale. In chapter 11, We consider effective six dimensional operators,
and their effects on the Higgs productions and decays to estimate this new scale. We analyze and identify the
parameter space consistent with known properties of the Higgs boson using recent Run II results from ATLAS
and CMS experiments corresponding to ∼ 37 fb−1 of data. We then calculate the t¯th productions , as well as
double Higgs production at the LHC using the effective couplings, and show that these can be much different
than those predicted by the Standard Model, for a wide region of allowed parameter space. These predictions
can be tested in the current or the future runs of the LHC. We find that the data are consistent with the exis-
tence of a new physics scale as low as 500 GeV for a significant region of parameter space of this six dimensional
couplings with these new physics effects at the LHC. We also find that for some region of the parameter space,
di-Higgs production can be much larger than that predicted by the Standard Model, giving rise to the prospect
of its observation even in the current run II of the LHC.
In chapter 12, we have shown that the rate for di-Higgs production at the LHC can be enhanced by a factor
as large as 25 compared to the Standard Model value in the two Higgs doublet model, while being consistent
with the known properties of the observed Higgs boson h. There are correlated modifications in tth and resonant
Zh production rates, which can serve as tests of this model. Our framework treats both Higgs doublets on equal
footing, each with comparable Yukawa couplings to fermions. The Cheng-Sher ansatz for multi-Higgs doublet
model is shown to be strongly disfavored by current experiments. We propose a new ansatz for the Yukawa
couplings of the Higgs doublets Φa is proposed, where Y
(a)
ij = C
(a)
ij · min{mi, mj}/v, with C(a)ij being order
one coefficients, mi the mass of fermion i and v the electroweak vacuum expectation value. Such a pattern
of couplings can explain the observed features of fermion masses and mixings and satisfies all flavor violation
constraints arising from the exchange of neutral Higgs bosons. The rate for µ→ eγ decay and new contributions
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to CP violation in Bs −Bs mixing are predicted to be close to the experimental limits.
We have shown that the photon-photon fusion process contributes significantly to the pair production of
doubly charged Higgs bosons at the LHC at a level comparable to the Drell-Yan production in chapter 13. We
reinterpret the ATLAS lower limit of 570 GeV (420 GeV) on the mass of ∆±±L (∆
±±
R ) arising from SU(2)L
triplet (singlet) scalar by including the photon initiated process and derive a new lower limit of 748 GeV (570
GeV), assuming that ∆±± decays into e±e± 100% of the time. We have also shown that the 5σ discovery reach
for ∆±±L (∆
±±
R ) is 846 GeV (783 GeV) with 100 fb
−1 luminosity at 13 TeV LHC. We derive a somewhat more
stringent limit on the mass when the doubly charged scalar arises from higher dimensional representations of
SU(2)L.
Thus this dissertation presents a well rounded effort to study various well motivated extensions of the SM.
The main characteristics in all these models are to derive testable predictions that will allow experimentally
distinguishing new physics contributions from standard model signatures and the various BSM scenarios from
each other. This thesis has been exclusively dedicated to the study of confronting neutrino mass generation
mechanism with the experimental probes and to develop the Higgs bosons as a tool of searching for new physics.
The results presented here can be taken as an initial guide in the exploration of Higgs bosons in various BSM
scenarios at the collider experiments such as at the LHC. On the other hand, it provides intriguing possibilities
to discover new physics behind neutrino mass generation mechanism at the collider and neutrino experiments.
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